Sodium reduction in snack foods via optimized microstructural design of sodium delivery system by Christina, Josephine
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2015 Josephine Christina 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
SODIUM REDUCTION IN SNACK FOODS VIA OPTIMIZED MICROSTRUCTURAL DESIGN OF 
SODIUM DELIVERY SYSTEM 
 
 
 
 
 
BY 
 
JOSEPHINE CHRISTINA 
 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfilment of the requirements 
for the degree of Master of Science in Food Science and Human Nutrition 
with a concentration in Food Science 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2015 
 
 
 
Urbana, Illinois 
 
Master’s Committee: 
 
 Assistant Professor Youngsoo Lee, Director of Research 
 Associate Professor Soo-Yeun Lee 
 Associate Professor Pawan Takhar 
 
 
 ii 
 
ABSTRACT 
 Excessive sodium consumption can result in hypertension, diabetes, heart diseases, 
stroke and kidney diseases. Chips, extruded snacks, and tortilla/corn chips accounted for 
almost 56% of snacks retail sales in 2010 and hence it is important to target sodium 
reduction in this area. Past studies had shown that modifying the rate-release mechanism 
of sodium is a promising strategy for sodium reduction in the food industry. Encapsulation 
or immobilization of salt can be a possible technique to control sodium release rate. 
 The overall objective of this study was to develop effective immobilization methods 
to obtain different release profiles of sodium and saltiness perception. Two potential 
sodium carriers, porous corn starch (PCS) and lipoproteic matrix, were investigated to 
determine if sodium release profile could be controlled.  The overall objective consisted of 
four specific objectives.  
 The first specific objective was to examine PCS as a sodium carrier to modify sodium 
release profiles.  The porous corn starch was produced by enzymatic treatment and 
characterized for its adsorption, morphology and porosity by gas multipycnometer. Salt 
was immobilized using PCS by spray-drying and their in vitro sodium release was 
measured by a conductivity meter. PCS was found to be unsuitable as a carrier as different 
enzymatic treatment time had no effect on its sodium release profile, and it could not 
effectively immobilize sodium inside its pores. 
 The second specific objective is to immobilize salt in lipoproteic matrices and 
modify sodium release profiles. Lipoproteic matrix was developed by creating a gel from a 
homogenized emulsion, followed by freeze drying and grinding into fine powders. The 
powders were characterized for their morphology, porosity, sodium distribution and in 
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vitro sodium release. The SEM images and CT-scan showed salt dispersed throughout the 
matrix. The lipoproteic matrices had different sodium release profiles compared to 
commercial salts, and protein content and fat content altered the release profiles. The 
lipoproteic matrices were selected as a sodium carrier and used for sensory analyses. 
 The third specific objective was to evaluate the saltiness perception of the 
immobilized salt in lipoproteic matrix using Time-Intensity (TI). Saltiness perception of the 
9 different immobilized salts in the lipoproteic matrices and 3 commercial salts were 
evaluated using TI with anchored structured line scale. Results from clustered panelists 
showed that some of the immobilized salts had higher maximum saltiness intensity, area 
under the TI curve, and maximum rate of saltiness incline compared to flour salt.  The 
lipoproteic matrix was found to have potential as a sodium carrier. 
 The fourth specific objective consisted of evaluating acceptance of a salty snack with 
regular sodium level and reduced sodium level of the immobilized salt in lipoproteic 
matrix, and a commercial salt. Acceptance test with 9-point hedonic scale was done with 
potato chips coated with regular sodium level and 25% reduced sodium level of flour salt 
and a single formulation of the immobilized salt. Potato chips coated with flour salt had 
higher acceptance scores in general compared to the immobilized salt.  
 The findings of this study showed that the immobilized salts in the lipoproteic 
matrix were able to modify sodium release profiles and saltiness perception. Immobilized 
salts can be utilized in the food industry for topical applications on appropriate food 
systems.
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation 
It was found that ninety-nine percent of US adults consume more than 1500 mg of 
sodium per day, which is the recommended level by the American Heart Association for the 
general public (Cogswell and others 2012). It has been reported that a greater amount of 
sodium excretion were significantly related to elevated blood pressure and obesity 
(Hoffmann and Cubeddu 2009; Kim and others 2012; Song and others 2013).  Consumption 
of excess amount of sodium results in increased plasma level which may induce 
hypertension. About two-thirds of the adults in U.S have either hypertension or pre-
hypertension. Diabetes, heart diseases, stroke and kidney diseases are associated with 
untreated hypertension (Dickinson and Havas 2007; Doyle and Glass 2010).  
Potato- and corn-based chips and extruded snacks account for more than half of the 
retail sales market, with almost 56% of snacks retail sales in the US in 2010 and hence it is 
important to target sodium reduction in this area (Agriculture and Agri-Food Canada 
2011). Such crispy snacks are usually salted by powders with sprinkling systems such as 
screw distributors, rollers and antistatic atomization systems (Haarmann 1993). Research 
have shown that smaller salt crystals give quicker, more salty delivery of sodium per unit 
sodium but unfortunately, there will also be much more immediate loss of saltiness after 
chewing (Vella and others 2012; Rama and others 2013). The rapid decrease in saltiness 
perception may be compensated by a larger amount of sodium chloride added to the 
product.  
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During mastication, the release rate of sodium and chloride ions depends on the 
structure and composition of the food as well as mastication and salivation (Neyraud and 
others 2003). The ions are then transported to the taste buds through bulk transport or 
diffusion (Malone and others 2003). The activation of the salt receptor requires both 
sodium and chloride ions (Van Der Klaauw, Nicolette J and Smith 1995). All sensations that 
the human body can perceive (taste, smell, touch, temperature, sight, sound) experienced 
during eating interact with each other in the brain and affect the overall taste perception 
(Busch and others 2013). A lot of factors influence saltiness perception, and one factor that 
can be controlled is the availability of sodium and chloride ions for the activation of salt 
receptors. The maximum saltiness perception can be achieved by optimizing sodium 
release rates or sodium release profiles via altering the product structures (Busch and 
others 2013). 
Salt exists as solid crystal in food products that are consumed dry such as chips and 
other snacks. It has to be dissolved before the sodium ions can be detected by the taste 
receptors. As mentioned before, the size and shape of salt crystals can affect the saltiness 
perception. However, those are not the only factors that influence saltiness perception in 
chips and other snacks. 
Recently, scientists have focused on the effect of salt delivery profiles with solutions 
and chips (Morris and others 2009).  It was found that if there are cross-modal interactions 
between saltiness and a savory flavor, overall sensory flavor intensity may change due to 
significant differences in the timing of the maximum perceived salt intensity caused by 
pulsed delivery. Compared to continuous stimulation, pulsatile taste stimulation in solution 
can lead to a higher receptor response due to the accumulation of trains of high phasic 
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receptor responses (Meiselman and Halpern 1973). Results from another similar study 
suggested that frequency, timing, and concentration differences of salt stimuli can affect 
saltiness perception (Busch and others 2009). A study done by Tian and Fisk (2012) 
showed that the chips’ salt flavoring is released in a pulse-type mechanism that will not be 
perceived in normal eating conditions and hence a large proportion of sodium will be 
consumed without being perceived. Thus, modifying the rate-release mechanism of sodium 
is a promising strategy in contributing to the efforts of sodium reduction in the food 
industry. Encapsulation or immobilization of salt can be a possible technique to control 
sodium release rate. 
 
1.2 Objectives 
 The overall objective of this study was to identify effective immobilization methods 
to obtain different release profiles of sodium and saltiness perception. The overall objective 
consisted of four specific objectives. 
Specific Objective 1 
 The first specific objective was to develop and evaluate porous corn starch (PCS) as 
a carrier for a controlled sodium delivery. The working hypothesis was that different 
enzymatic treatment time of PCS immobilized with salt will generate significantly different 
sodium release profiles in time. PCS was produced by enzymatic treatment and 
characterized for its adsorption by UV-Vis spectrophotometer, morphology by scanning 
electron microscopy (SEM) and porosity by gas multipycnometer. They were immobilized 
with salt by spray-drying and their in vitro sodium release was measured by a conductivity 
meter. 
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Specific Objective 2 
 The second specific objective consisted of producing immobilized salt powders 
using lipoproteic matrices and evaluating controlled sodium release from the immobilized 
salt powders.  The working hypotheses was that dried lipoproteic matrices with different 
protein content, fat content, and homogenization pressure will create different 
microstructures and immobilizing sodium chloride in these microstructures will generate 
significantly different sodium release profiles. Lipoproteic matrix was developed by 
creating a gel from a homogenized emulsion, freeze drying it, and then grinding it to fine 
powders. It was characterized for its morphology by SEM, porosity by gas 
multipycnometer, sodium distribution by micro CT-scan and in vitro sodium release by a 
conductivity meter. 
Specific Objective 3 
 The third specific objective consisted of evaluating the saltiness perception of 
lipoproteic matrix in comparison to commercial salts using Time-Intensity (TI). The 
working hypothesis was that immobilized salts will generate varying saltiness profile 
depending on the formulation and processing. Ten trained panelists evaluated saltiness 
perception of nine different formulas of lipoproteic matrix and three commercial salts 
using TI with anchored structured line scale. 
Specific Objective 4 
 The fourth specific objective consisted of evaluating acceptance of a salty snack with 
regular sodium level and reduced sodium level of immobilized salt in lipoproteic matrix 
and flour salt. The working hypothesis was that differences in the sodium release profile 
will cause differences in acceptance scores of a salty snack and that a salty snack with 
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regular sodium levels would have higher acceptance scores compared to reduced sodium 
levels. Acceptance test with 9-point hedonic scale was done with 107 panelists who 
evaluated potato chips coated with regular sodium level and 25% reduced sodium level of 
flour salt and a single formula of lipoproteic matrix immobilized with salt. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Sodium Reduction 
It was found that ninety-nine percent of US adults consume more than 1500 mg of 
sodium per day, which is the recommended level by the American Heart Association for the 
general public (Cogswell and others 2012). It has been reported that a greater amount of 
sodium excretion were significantly related to elevated blood pressure and obesity 
(Hoffmann and Cubeddu 2009; Kim and others 2012; Song and others 2013).  Consumption 
of excess amount of sodium results in increased plasma level which may induce 
hypertension. About two-thirds of the adults in U.S have either hypertension or pre-
hypertension. Diabetes, heart diseases, stroke and kidney diseases are associated with 
untreated hypertension (Dickinson and Havas 2007; Doyle and Glass 2010).  
High dietary sodium levels may also be associated with gastric cancer, kidney 
stones, and severity of asthma (He and MacGregor 2009).  There is evidence of direct dose-
response relation between sodium intake and blood pressure, but long-term health 
benefits can only be obtained if people make ongoing dietary changes and if lower-sodium 
foods are more readily available (Sacks and others 2001).  In addition, it is estimated that 
reduction of sodium intake by 400 mg per day in the long term would get rid of 1.5 million 
cases of uncontrolled hypertension and that would result in $2.3 billion savings of medical 
expenditures annually in the United States alone (Dall and others 2009). Hence, it is in 
everyone’s best interest to have reduced sodium in foods. 
More than 70% of dietary sodium intake comes from processed foods (Mattes and 
Donnelly 1991; Engstrom and others 1997) as sodium salts are added for flavor 
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enhancement (e.g., saltiness, masking unpleasant flavors, increasing sweetness) (Gillette 
1985) or functional reasons (e.g., texture, processing, preservation, microbial safety) 
(Hutton 2002; Doyle and Glass 2010).  The World Health Organization (WHO) has strongly 
suggested that food manufacturers reduce the sodium content in their foods, but efforts 
over the past 40 years to reduce sodium consumption have not resulted in a significant 
reduction in Americans’ sodium intake (Institute of Medicine of the National Academies 
2010). The attention on sodium reduction has grown exponentially in the recent years, and 
food industry has been pushing for new methods to reduce sodium in their products.  
These methods include the use of salt substitutes, the implementation of flavor enhancers, 
and changing the physical form of salt to enhance its taste bioavailability (Desmond 2006). 
 In terms of salt substitutes, potassium chloride is the most popular sodium chloride 
replacer, and it usually blended with sodium chloride in order to mask its bitter and 
metallic taste.  Flavor enhancers include yeast extracts, ribonucleotides, sugars, creamers, 
spices, herbs, and aroma compounds, and they promote salty taste due to aroma-taste 
interaction (Dötsch and others 2009; Batenburg and van der Velden 2011). Increase in 
functionality with less salt is possible in meat products when it was found that different 
types of salts (flake, cube agglomerate structure) have different functionality that can 
increase fat binding, water binding, protein solubilization, etc. (Desmond 2006).  
 The number of patents filed in the last 20 years has been increasing due to 
consumers’ demand for sodium reduction in foods. Before the year 2000, patents filed for 
low sodium in foods were below 20 per year. However, data up to the year 2008 showed 
that the filed patents have rapidly increased up to 80-100 per year. It was revealed that 
there was an equal distribution of filed patents among meat and meat products, fish and 
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seafood, bakery (including bread) and sauces (including mayonnaise) for low sodium 
patents in the last 20 years (Toldrá and Barat 2009). Interestingly, there was no mention of 
low sodium patents for savory snacks whatsoever. This is a problem as potato- and corn-
based chips and extruded snacks account for more than half of the retail sales market, with 
almost 56% of snacks retail sales in the US in 2010 (Agriculture and Agri-Food Canada 
2011).  
 Some of the innovations that can be applied to savory/salty snacks include coating 
bulking agent with sodium chloride and binder to achieve faster dissolution (Dubois and 
Tsau 1992), having hollow crystalline salt microspheres like SODA-LO®, or mixing one or 
more inorganic salts to form a salt taste enhancer (Toldrá and Barat 2009). Such crispy 
snacks are usually salted by powders with sprinkling systems such as screw distributors, 
rollers and antistatic atomization systems (Haarmann 1993). Research have shown that 
smaller salt crystals give quicker, more salty delivery of sodium per unit sodium but 
unfortunately, there will also be much more immediate loss of saltiness after chewing 
(Vella and others 2012; Rama and others 2013). The rapid decrease in saltiness perception 
may be compensated by a larger amount of sodium chloride added to the product. More 
innovation can be done in the savory/salty snacks to decrease sodium content, and 
modifying sodium delivery might be one possible strategy for sodium reduction. 
 
2.2 Sodium Delivery 
During mastication, the rate of release of sodium and chloride ions depends on the 
structure and composition of the food as well as mastication and salivation (Neyraud and 
others 2003). The ions are then transported to the taste buds through bulk transport or 
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diffusion (Malone and others 2003). The activation of the salt receptor requires both 
sodium and chloride ions (Van Der Klaauw, Nicolette J and Smith 1995). All sensations that 
the human body can perceive (taste, smell, touch, temperature, sight, sound) experienced 
during eating interact with each other in the brain and affect the overall taste perception 
(Busch and others 2013). These interactions are known as intramodal (e.g., taste-taste) and 
cross-modal (e.g., aroma-taste). Furthermore, psychological factors (e.g., expectations, 
experience) will also influence the perception. In summary, a lot of factors influence 
saltiness perception, and one factor that can be controlled is by increasing the availability 
of sodium and chloride ions for the activation of salt receptors. This can be achieved by 
optimizing sodium release rates or sodium release profiles via altering the product 
structures (Busch and others 2013). 
Salt exists as solid crystal in food products that are consumed dry such as chips and 
other snacks. It has to be dissolved before the sodium ions can be detected by the taste 
receptors. As mentioned before, the size and shape of salt crystals can affect the saltiness 
perception. However, those are not the only factors that influence saltiness perception in 
chips and other snacks. 
Recently, scientists have focused on the effect of salt delivery profiles with solutions 
and chips (Morris and others 2009).  It was found that if there are cross-modal interactions 
between saltiness and a savory flavor, overall sensory flavor intensity may change due to 
significant differences in the timing of the maximum perceived salt intensity caused by 
pulsed delivery. Compared to continuous stimulation, pulsatile taste stimulation in solution 
can lead to a higher receptor response due to the accumulation of trains of high phasic 
receptor responses (Meiselman and Halpern 1973). Results from another similar study 
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suggested that frequency, timing, and concentration differences of salt stimuli can affect 
saltiness perception (Busch and others 2009). A study done by Tian and Fisk (2012) 
showed that the chips’ salt flavoring is released in a pulse-type mechanism that will not be 
perceived in normal eating conditions and hence a large proportion of sodium will be 
consumed without being perceived. Thus, modifying the rate-release mechanism of sodium 
is a promising strategy in contributing to the efforts of sodium reduction in the food 
industry. Encapsulation or immobilization of salt can be a possible technique to control 
sodium release rate. 
 
2.3 Technologies 
 Microencapsulation/immobilization 
The terms encapsulation and immobilization are used interchangeably especially in 
a lot of reported works about the microencapsulation of probiotics (Krasaekoopt and 
others 2003; Anal and Singh 2007). This is probably because encapsulation of microbial 
cells commonly uses the matrix capsule whereby the core material, living cells, are 
embedded and immobilized randomly in a continuous matrix (Desai and Park 2005). 
Microencapsulation refers to coating or entrapping a core material into capsules that are 
few micrometers to few millimeters in size (Kirby 1991) while immobilization is the 
trapping of a material within or throughout a matrix (Mitropoulou and others 2013). 
 Microencapsulation can be defined as a technology of packaging solids, liquids, or 
gaseous materials in capsules that are few micrometers to few millimeters in size with 
contents that can be released at controlled rates when specific conditions are met. The food 
industry first used this technology more than 60 years ago. To be more specific, the target 
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substance that is preserved in the microcapsule can be manipulated to be released as 
occasion demands. Controlled release is a method by which one or more substances are 
made available at a specific rate at both preferred site and time (Desai and Park 2005). 
Considerations of the wall system are protections from factors that may cause the core 
material’s deterioration, preventions of core material from prematurely interacting with 
other ingredients, volatile losses limitations and ability to control or sustain release under 
preferred conditions (Shahidi and Han 1993). Proteins, sugars, gums, natural and modified 
polysaccharides, lipids and synthetic polymers are usually used to make the capsules 
(Gibbs and others 1999). Morphologies of different types of microcapsules are illustrated in 
Figure 2.1. 
 
Figure 2.1 Morphologies of different types of microcapsules (Gibbs and others 1999) 
 Immobilization of food ingredients is also a common practice in the food industries 
(Estevinho and others 2013). The examples include lactic acid bacteria, first immobilized in 
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1975 (Desai and Park 2005), microencapsulation/immobilization of enzymes for enhanced 
stability (Haider and Husain 2008) and immobilization of antimicrobials onto suitable 
polymers (Cha and others 2003). Also, many other possible applications of immobilization 
can also be found in biotechnology and medicine (Haider & Husain, 2008). 
 There are four major immobilization methods based on physical mechanism that 
can be employed for cells: (1) entrapment within a porous matrix, (2) 
attachment/adsorption by physical adsorption on solid carrier surfaces with covalent 
binding or electrostatic forces, (3) self-aggregation by flocculation that can be natural or 
artificially induced, (4) mechanical containment behind a barrier by a microporous 
membrane or a microcapsule (Mitropoulou and others 2013). 
 In 1916, Nelson and Griffin first introduced the immobilization of enzyme by 
immobilizing invertase on aluminum hydroxide with adsorption (Nelson and Griffin 1916). 
Enzyme immobilization is the fixing of an enzyme on or within solid supports and thus 
creating heterogeneous immobilized enzyme systems. The enzymes become more stable, 
more resistant and can be reused multiple times. Potential applications can be found in 
chemical synthesis, biotechnology and medicine (Liang and others 2000; Srivastava and 
Singh 2013).  
 
Spray drying 
Spray drying is the most common technology for microencapsulation in the food 
industry due to its inexpensive cost of operation and readily available equipment 
(Gharsallaoui and others 2007). Spray drying is a dehydration process, but it can also be 
used to encapsulate active materials inside a protective matrix made from a polymer or 
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melt (Dziezak 1988). The food industry has successfully utilized spray drying for 
microencapsulation for several decades, (Gouin 2004) and it is also one of the oldest 
methods to first encapsulate flavors since 1930s (Shahidi and Han 1993). Spray drying is a 
process by which a liquid product is atomized in a hot gas current into a powder 
instantaneously. The liquid product can be a solution, an emulsion or a suspension and 
depending on the operating conditions and feed material, powders or particles ranging 
from 10 µm-3 mm can be obtained (Gharsallaoui and others 2007).  
 
 
Freeze-drying 
 Compared to spray drying, freeze-drying is a non-destructive dehydration process 
by which a reduction of water activity can be achieved without heating the food even 
though the process is slower than conventional drying and costs for refrigeration and 
vacuum are high. However, freeze-drying will give superior product quality, as it is able to 
preserve nutritional qualities and sensory characteristics. Food is frozen rapidly in order to 
maintain the structure (Figure 2.2) and freeze-drying only causes minor changes to 
proteins and carbohydrates (Fellows 2009). This is important as Maillard reaction can 
occur during conventional hot air drying and cause non-enzymatic browning. The open 
porous structure created by freeze-drying may also allow for more controlled diffusion of 
sodium ions.  
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Figure 2.2 Porous structure of a freeze-dried product (Fellows 2009) 
 
2.4 Materials 
 In order to achieve controlled sodium release through immobilization or 
encapsulation, appropriate materials or carriers must be chosen. Based on a literature 
search, we have shortlisted two candidates as possible sodium carriers. They were chosen 
based on their potential for structural modification and immobilization/encapsulation of 
salt. 
 
Porous corn starch 
Carbohydrates such as starches, corn syrup solids and maltodextrins are regarded 
as good encapsulating agents (Kenyon 1995), as they have good solubility and low 
viscosities at high solids contents. However, most of them lack the interfacial properties 
required to encapsulate hydrophobic core materials (Gharsallaoui and others 2007). But 
this is not a problem, as we would not be using hydrophobic materials. Porous starch, a 
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partially denatured starch, can be obtained by catalyzing raw starch by amylases below the 
gelatinization temperature, and it has been successfully used as walls for 
microencapsulation for various products by a spray-drying process. In order to improve its 
stability and water-solubility, porous starch and gelatin were used as wall materials to 
encapsulate lutein and curcumin (Wang and others 2009; Wang and others 2012). Porous 
starch and β-cyclodextrin as wall materials were also used to encapsulate allicin to improve 
its water-solubility and stability (Wang and others 2012). Absorbability and adhesive 
property of materials can be improved due to the porous starch’s honeycomb structure.  
 
Lipoproteic matrix 
 In a previous study, protein–lipid-based gels with various microstructures had been 
created (Kuo and Lee 2014). The gels were prepared by heating a homogenized mixture of 
whey protein, anhydrous milk fat, sodium, and water. Images of the gels are shown in 
Figure 2.3. It has been shown that different protein, fat and pressure levels create different 
porosities and microstructures. We hypothesized that immobilizing sodium chloride in 
these microstructures would enable us to create different sodium release profiles. Sodium 
would be added during the gel preparation step, and the gels would be freeze-dried to 
maintain their structures and ground into dry particles in the micrometer size range.  
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Figure 2.3 Scanning electron microscopy (SEM) of protein–lipid-based gels. a) 8% protein, 
no fat, 1.5% NaCl, 55 MPa; b) 8% protein, 22% fat, 1.5% NaCl, 55 MPa; c) 16% protein, 11% 
fat, 1.5% NaCl, 55 MPa; d) 16% protein, 11% fat, 1.5 % NaCl, 14 MPa. (Kuo and Lee 2014) 
 
2.5 Sensory Methodologies 
Time-Intensity 
 Perception of aroma, taste, flavor, and texture in foods is a dynamic process. The 
perceived intensity of the sensory attributes changes in time. The dynamic nature of food 
sensations results from chewing, breathing, salivation, tongue movements, and swallowing 
(Dijksterhuis 1996). In typical sensory scaling, panelists are asked to rate the perceived 
intensity of the sensation by giving a single rating. This means that to give a single intensity 
value, panelists must “time-average”, combine any changing sensations, or to estimate only 
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the maximum intensity. Unfortunately, a single value might not explain the whole story of 
the product. For example, a product may taste very salty in the beginning but decreases in 
saltiness over time while another product may not taste as salty in the beginning but 
increases in saltiness over time. A single rating will not be able to encompass the entirety of 
the saltiness perception.  
 Time–intensity (TI) method, a type of descriptive analysis, gives panelists 
opportunities to rate their perceived sensations over time. When an attribute is tracked, 
the profile between products may show differences that change through time after a 
product is first tasted, smelled, or felt (Lawless and Heymann 2010). Continuous tracking, a 
widely used method, has a great advantage in capturing the detail in the flavor or texture 
experience from the record (Lee 1989).  
 Table 2.1 illustrates the wealth of information that can be obtained from a time-
intensity curve and Figure 2.4 shows an exemplary TI curve. 
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Table 2.1 Parameters extracted from a time-intensity curve (Lawless and Heymann 2010) 
Parameter  Other names  Definition 
Peak Intensity Imax, Ipeak Height of highest point on TI record 
Total duration DUR, Dtotal Time from onset to return to baseline 
Area under the curve AUC, Atotal Self-explanatory 
Plateau Dpeak Time difference between reaching maximum and beginning descent 
Area under plateau Apeak Self-explanatory 
Area under descending 
phase Ptotal Area bounded by onset of decline and reaching baseline 
Rising slope Ri Rate of increase (linear fit) or slope of line from onset to peak intensity 
Declining slope Rf 
Rate of decrease (linear fit) or slope of line from initial declining point to 
baseline. 
Extinction 
 
Time at which curve terminates at baseline 
Time to peak Tmax, Tpeak Time to reach peak intensity 
Time to half peak Half-life Time to reach half maximum in decay portion 
 
 
Figure 2.4 An exemplary time-intensity curve and common curve parameters extracted 
from the record (Lawless and Heymann 2010) 
 
Several studies had successfully utilized TI method to characterize saltiness profiles 
in different types of salts and chips. Drake and Drake (2011) evaluated sensory profiles of 
sea salts and found that minerals may affect time-intensity profiles. Vella and others (2012) 
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also found that that sea salt composition or morphology was affecting maximum intensities 
and possibly the magnitude of TI curves. Rama and others (2013) determined that salts 
with smaller particle size resulted in the fastest time to maximum intensity (Tmax), peak 
intensity (Imax), and maximum total saltiness in chips. 
 
Consumer Sensory Evaluation 
The goal of a consumer sensory evaluation is to assess the appeal of a product to a 
consumer on a sensory basis, i.e., to get the consumer’s reaction on the products’ 
appearance, aroma, taste, flavor, mouthfeel, and texture (Lawless and Heymann 2010). 
Typically in foods and consumer products, there are two main methods of consumer 
sensory testing, the measurement of preference and the measurement of acceptance 
(Jellinek 1964). The measurement of acceptance is a preferable method as it can efficiently 
determine consumers’ preferences indirectly from the acceptance scores in a multi-product 
test. In addition, it gives some information if the product is liked or disliked in some 
absolute sense (Lawless and Heymann 2010). The degree of liking scale, or the 9-point 
hedonic scale, is the most common hedonic scale. The hedonic scale assumes consumer 
preferences lies on a continuum, and that preference can be categorized based on like and 
dislike (Peryam and Girardot 1952). 
 
2.6 Summary 
 The reviewed literature revealed that excess consumption of sodium is a problem 
and modifying the rate-release mechanism of sodium is a promising strategy to reduce 
sodium in the food industry. Future studies should evaluate the effectiveness of 
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microencapsulation/immobilization of salt in porous corn starch and lipoproteic matrix. 
Sensory methods such as Time-Intensity and consumer sensory evaluation should also be 
utilized to evaluate the sodium carriers’ saltiness perception. 
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CHAPTER 3 
POROUS CORN STARCH AS A CARRIER FOR SODIUM DELIVERY 
3.1 Abstract 
 Excessive sodium consumption can result in hypertension, diabetes, heart diseases, 
stroke and kidney diseases. Chips, extruded snacks, and tortilla/corn chips accounted for 
almost 56% of snacks retail sales in 2010. Hence, it is important to target sodium reduction 
in the snacks listed above. Past studies had shown that modifying the rate-release 
mechanism of sodium is a promising strategy in contributing for sodium reduction in the 
food industry. Encapsulation or immobilization of salt can be a possible technique to 
control sodium release rate. This chapter aims to evaluate porous corn starch (PCS) as 
carrier for controlled sodium release in topically applied salts. PCS was produced by 
enzymatic treatment and characterized for its adsorption by UV-Vis spectrophotometer, 
morphology by scanning electron microscopy (SEM) and porosity by gas multipycnometer. 
Porous corn starch was immobilized with salt by spray-drying and their in vitro sodium 
release was measured by a conductivity meter. There was no significant difference in 
adsorption ratio among PCS with different enzymatic treatment time. Porosity could not be 
quantified for 60 h enzymatically treated PCS. Micrographs of PCS displayed increasing 
degradation with longer enzymatic treatment time. The micrographs also showed most of 
the salt coated on the starch instead of being immobilized inside, which might explain why 
their sodium release profiles were not significantly different from each other. PCS was 
found to be unsuitable as a carrier as different enzymatic treatment time had no effect on 
its sodium release profile, and it could not effectively immobilize sodium inside its pores. 
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Future researchers might want to investigate different ways of incorporating sodium into 
the pores and more suitable drying methods. 
 
3.2 Introduction 
 Ninety-nine percent of US adults consume more than 1500 mg of sodium per day, 
which is the recommended level by the American Heart Association for the general public 
(Cogswell and others 2012). Consumption of excess amount of sodium results in increased 
plasma level which may induce hypertension. About two-thirds of the adults in U.S have 
either hypertension or pre-hypertension. Diabetes, heart diseases, stroke and kidney 
diseases are associated with untreated hypertension (Dickinson and Havas 2007; Doyle 
and Glass 2010). Potato- and corn-based chips and extruded snacks account for more than 
half of the retail sales market, with almost 56% of snacks retail sales in the US in 2010 and 
hence it is important to target sodium reduction in this area (Agriculture and Agri-Food 
Canada 2011). Such crispy snacks are usually salted by powders with sprinkling systems 
such as screw distributors, rollers and antistatic atomization systems (Haarmann 1993). 
Research have shown that smaller salt crystals give quicker, more salty delivery of sodium 
per unit sodium but unfortunately, there will also be much more immediate loss of 
saltiness after chewing (Vella and others 2012; Rama and others 2013). The rapid decrease 
in saltiness perception may be compensated by a larger amount of sodium chloride added 
to the product. A study done by Tian and Fisk (2012) showed that the chips’ salt flavoring 
is released in a pulse-type mechanism that will not be perceived in normal eating 
conditions and hence a large proportion of sodium will be consumed without being 
perceived. Thus, modifying the rate-release mechanism of sodium is a promising strategy 
 27 
 
in contributing to the efforts of sodium reduction in the food industry. Encapsulation or 
immobilization of salt can be a possible technique to control sodium release rate. 
Porous starch, a partially hydrolyzed starch, can be obtained by physical, chemical, 
and biological methods. Porous starch has been most commonly produced by ultrasonic 
and enzymatic treatment (Qian and others 2011; Wu and others 2011). Enzymes such as 
glucoamylase and α-amylase are usually utilized. The hydrolysis of corn starch creates 
abundant micro-sized pores throughout the starch granules, thus resulting in an increased 
surface area (Zhang and others 2012). Porous corn starch (PCS) has been successfully used 
for microencapsulation for various products like curcumin pigments and allicin by a spray-
drying process (Wang and others 2009; Wang and others 2012). Spray drying is the most 
common drying technology for microencapsulation in the food industry due to its 
affordability (Gharsallaoui and others 2007). 
Recent studies had characterized PCS created by enzymatic treatments. Their 
scanning electron microscope (SEM) images of PCS looked promising enough for us to 
consider it as a carrier for controlled sodium delivery (Zhang and others 2012; Shrestha 
and others 2012).  It was observed that many pores could be formed on the starch granules 
and some of the pores extended from the surface to the interior of the granules. Large 
internal cavities could also be observed.  Depending on the enzymatic treatment time, the 
porosity could be controlled. If porosity could be controlled, the rate-release mechanism of 
sodium chloride could also be controlled. Hence, PCS may be a suitable carrier to 
immobilize salt. 
 The objectives of this chapter were to produce and evaluate PCS as a carrier for a 
controlled sodium delivery. It was hypothesized that different enzymatic treatment time of 
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PCS immobilized with salt will generate significantly different sodium release profiles in 
time. The development of PCS and the efforts in trying to quantify its porosity and 
adsorption were explained in this chapter. Sodium release from the PCS was also analyzed. 
The results from all of the analysis were used to determine if PCS could modify rate-release 
mechanism of sodium, and thus be was a suitable option as a carrier for sodium delivery. 
 
3.3 Materials and methods 
Materials 
Argo corn starch (ACH Food Companies Inc., Oakbrook, IL, U.S.A.) was purchased at 
a local store and used without further treatment. STARGENTM 002 enzyme (DuPont, 
Wilmington, DE, U.S.A.) was used for corn starch hydrolysis. Citric acid, methyl violet B 
base, and paraffin wax (ASTM D 87) were obtained from Sigma-Aldrich (Sigma-Aldrich, St. 
Louis, MO, U.S.A.). Sodium chloride used in corn starch, sodium hydrogen phosphate and 
sodium hydroxide were obtained from Fisher Scientific (Thermo Fisher Scientific Inc., 
Waltham, MA, U.S.A.) while the other sodium chlorides used for conductivity were obtained 
from Morton Salt: Top Flake Coarse, Extra Fine 200 Salt and Morton® Plain Table Salt 
(Morton Salt, Inc., Chicago, IL, U.S.A.).  
 
Preparation of Immobilized Salt in Corn Starch  
 Corn starch was added to deionized (DI) water (25 % (w/w)), and pH of the starch 
dispersion was adjusted to 4 with citric acid. Enzyme (STARGENTM 002 ) was then added to 
the starch dispersion with 1:500 enzyme to starch ratio, and the reaction was carried out at 
50 °C for 0, 12, 48, 60 and 72 hours. Sixty hours of enzymatic reaction time were selected as 
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the maximum reaction time because extensive starch degradation was observed at 72 
hours of enzymatic reaction time (Figure 3.1). Sodium hydroxide was added until pH 10 to 
stop the reaction. The enzyme treated corn starch was filtered using a Büchner funnel with 
Whatman 42 (2.5 µm pore size) ashless filter papers (Whatman plc, Maidstone, United 
Kingdom) and washed thrice with 50 mL of DI water. It was then vacuum dried 
(FreeZone® 6L, Labconco Corporation, Kansas City, MO, U.S.A.) for 40 hours (0 hours 
reaction), 48 hours (12 hours reaction) and 60 hours (60 hours reaction). The difference in 
drying time was to ensure the similar final moisture contents (~3%) between the samples. 
The dried sample was dispersed in salt solution and the final composition by weight was 20 
% sodium chloride, 14 % PCS and 66 % water. The mixture was stirred under house 
vacuum for 20 minutes with a magnetic stirrer. The dispersion was then spray dried using 
Mini Spray Dryer B-290 (BÜCHI Labortechnik AG, Postfach, Switzerland) under the 
following conditions: inlet temperature of 160 °C, outlet temperature of 90 °C and pump 
rate of 30. The spray dried starch samples were collected in the product vessel for further 
analyses and their final average moisture content was around 3%. Pictures from the 
development of PCS immobilized with salt can be found in Appendix A. 
 
Adsorption 
 The adsorption procedure was adapted from Zhang and others (2012). Phosphate 
buffer of pH 8 was prepared by mixing 0.1 M citric acid solution and 0.2 M sodium 
hydrogen phosphate solution. The buffer was then used to prepare 0.02 g/L methyl violet 
solution. 0.5 g of enzyme treated corn starch was mixed with 12.5 mL of methyl violet 
solution and magnetically stirred for five hours. The resulting mixture was centrifuged (IEC 
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Centra CL2, Thermo Fisher Scientific, Waltham, MA, U.S.A.) at 2445 g for 10 minutes. The 
absorbance of the supernatant was measured using UV-Vis spectrophotometer (Spectronic 
Genesys 5, Thermo Fisher Scientific, Waltham, MA, U.S.A.) at 580 nm in triplicates to 
quantify the amount of non-adsorbed dye. Absorbance was measured at 1, 5, 10, 20, 30 and 
60 minutes, and the average of all the absorbance was reported. The concentration of dye 
was calculated from a standard curve, and adsorption was calculated by the following 
equation. 
𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =  
𝐶0 − 𝐶1
𝐶0
 𝑥 100% 
Where C0 is the concentration of methyl violet solution before adsorption and C1 is the 
concentration of methyl violet solution after adsorption. All measurements are made with 
two sample replicates. 
 
Porosity 
A multipycnometer (Quantachrome Instruments, Boynton Beach, FL, U.S.A.) was 
used to measure true particle density. This instrument uses Archimedes’ principle of fluid 
displacement and Boyle’s Law of gas expansion. Gas is used as the displaced fluid, and it is 
able to penetrate the finest pores for maximum accuracy. Pure nitrogen was used as the gas 
and samples were purged beforehand for 20 minutes to remove any contaminating vapors 
and atmospheric gasses. The volume of the sample was calculated using the following 
equation. 
𝑉𝑠 =  𝑉𝑐 +
𝑉𝑟
1 −
𝑃1
𝑃2
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Where Vs is the sample volume (cm3), Vc is the sample cell holder volume (cm3), Vr is the 
reference volume (cm3), P1 is the pressure reading after pressurizing just the reference 
volume and P2 is the pressure reading after expanding gas into the sample cell holder.  
Apparent particle density consists of the solid material volume and closed pore 
volume, and this was measured by simply placing the sample in the cell and measuring its 
volume. Three sets of readings were taken for each measurement and three measurements 
(purging each time) were done for each sample. Effective particle density consists of solid 
material volume, open pore volume and closed pore volume and this was measured by 
pouring and stirring hot wax onto the samples first, cooling it and then measuring the 
waxed samples’ volume. Porosity (φ) of the sample is calculated using the following 
equation. 
𝜙 = (1 −
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
)  𝑥 100% 
 
In vitro sodium release 
Orion™ VERSA STAR™ multiparameter bench top meter (Thermo Fisher Scientific, 
Waltham, MA, U.S.A.) was used to measure the total dissolved solids (TDS) of samples. A 
standard cell was used, and its K (cell constant) was 0.4750. TDS factor was linear with 
0.49, and the temperature coefficient was 2.10. The temperature was automatically linearly 
compensated to 25°C.  
A one-inch magnetic stir bar was placed in 200 mL beaker filled with 150 mL of DI 
water, and the magnetic stirrer was turned on at 150 rpm. Prior to the experiment, total 
dissolved solids readings were taken for 0.5 g of all the samples. Each reading was divided 
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by 3 ppt to obtain a factor. The final adjusted weight was obtained from dividing 0.5 g by 
the factors and they can be found in Table 3.1 and the final molarity of all the solutions was 
57 mM.  
The particle size of coarse salt was between 300 μm and 1400 μm, the table salt was 
between 212 μm and 600 μm, and the extra fine salt was smaller than 75 μm. Sample was 
poured in at time = 0 second. The conductivity meter was set to take readings every five 
seconds and readings were taken up to 400th second. Three sets of readings were taken for 
each sample, and all measurements were made with at least two sample replicates. Figure 
3.1 illustrates parameters obtained from the concentration-time profiles. Four parameters 
were extracted from the concentration–time profiles: the maximum rate of sodium release 
(Rmax), time to reach 99th % of concentration (T99), a snapshot of the concentration at 50 s 
(C50), and another snapshot of the concentration at 150 s (C150). Rmax was obtained from the 
greatest value of the derivative of a curve fitted by a smoothing spline function using 
Matlab (Version 7.11.0 R2010b, The Mathworks Inc., Natick, MA, U.S.A.). T99 was obtained 
instead of time to reach maximum concentration as the conductivity reading fluctuated 
within a small range over time.  
 
Morphology 
 Morphology of structures was observed using Philips XL30 ESEM-FEG (FEI 
Company, Hillsboro, OR, U.S.A.) SEM in Hi-Vac mode. Samples were coated with gold-
palladium using Denton Desk II TSC turbo-pumped sputter coater (Denton Vacuum Inc, 
Moorestown, NJ, U.S.A.). 
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Statistical Analysis 
 Data were analyzed by single factor analysis of variance (ANOVA) using Statistical 
Analysis System version 9.1 (SAS Institute, Cary, NC, U.S.A.) and mean separation was 
determined by Least Significant Difference (LSD) with α = 0.05. 
 
3.4 Results and discussion 
Adsorption could be correlated to porosity as the presence of pores should increase 
adsorption as there were more surface areas that the dye can adsorb to.  Even though there 
was an increase in adsorption with longer enzymatic treatment time, there was no 
significant difference in adsorption ratio among the three samples at α = 0.05 (Table 3.2).  
Looking at Figure 3.2, however, more pores could be found with longer enzymatic 
treatment time, and thus it was speculated that the sample size may be too small to detect 
significance for this method. It was found that pH could alter the color of the dye: changing 
it from light to dark purple. However, even after using a buffer and maintaining the final pH 
at 8, there was still no change in the results. We also played around with the amount of dye 
added, duration of mixing, duration of centrifugation and time difference between 
centrifuging and measuring absorption. Zhang and others (2012) used the exact 
parameters with only the centrifugation speed that differs (10,000 rpm), and they were 
successful in quantifying the adsorption ratio even without using a buffer. Our high 
adsorption ratio, compared to theirs, suggests that our native starch has greater surface 
area. As shown in Figure 3.1A, our native starch has tiny holes that the dye can get into, 
thus concluding that this method may not be suitable for measuring degree of porosity for 
our experimental corn starch. 
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The amount of pores was quantified by measuring porosity. We hypothesized that 
longer enzymatic treatment time would increase porosity. This expectation was based on 
the SEM micrographs of increasing number of pores with increasing enzymatic treatment 
time of corn starch (Figure 3.1). The porosities followed expectation for 0 hour and 12 
hours reaction time but not 60 hours reaction time. We hypothesized that this was due to 
molten wax going into the pores and thus not really encasing around the granules. Based 
on the similarity of the skeletal density though, we could conclude that the enzymatic 
treatment did not affect the ratio of amylase/amylopectin in PCS. This is expected as α-1,6-
glucoside bonds is far less (<4%) than the α-1,4-bonds in a starch granule and hence any 
change in ratio, if any, would be insignificant (Fujii and others 1988). The skeletal density 
was found to be similar to the number found in the literature (Olayemi and others 2008).  
Overall, the results showed that the method outlined above may not suitable for measuring 
porosity (Table 3.3). 
The conductivity measurements (Figure 3.4) showed that there was no difference in 
sodium releases from the three different enzymatic treatments of the PCS. Additionally, 
their Rmax, T99, C50, and C150 were not statistically different from one another (Table 3.4). 
The result was unexpected but not surprising as looking at Figure 3.3; it can be seen that 
most of the salts were coated on the starch instead of being immobilized inside. The fast 
drying process of the spray dryer may not be an effective method to immobilize sodium 
with PCS. Attempts to incorporate sodium inside the pores by house vacuum also did not 
appear to work. In comparison with commercial salts, the extra fine salt had significantly 
higher Rmax, faster T99, higher C50, and C150. It was expected that PCS would have similar 
Rmax as extra fine salt as both their particle size were in the low range (<75 µm), but 
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instead, the PCS’s profile was more similar to table salt. The Rmax, C50, and C150 were not 
statistically significant between PCS and table salt. PCS had slower T99 than table salt, 
which might indicate a small percentage of salt being immobilized in PCS, thus delaying 
sodium release.  
In summary, salt could not be effectively immobilized in PCS and sodium release 
could not be controlled by different enzymatic treatment time of PCS. Moreover, corn 
starch has a “cereal” flavor, which might not be suitable for savory snacks application 
(Sclafani 1987). Therefore, PCS was not selected as a carrier for sodium delivery. 
 
3.5 Conclusions 
 Porous corn starch may not be a suitable carrier for sodium delivery as different 
enzymatic treatment time had no effect on its sodium release profile, and it could not 
effectively immobilize sodium inside its pores. Difficulty in quantifying the structures was 
also a challenge. A different method to measure adsorption that has greater statistical 
power should be used. Future researchers might want to investigate different ways of 
incorporating sodium into the pores and more suitable drying methods. 
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3.7 Tables and figures 
Table 3.1 Weights added to obtain 57 mM of sodium chloride for in vitro sodium release. 
Sample Weight (g) 
Replicate 1 Replicate 2 
Coarse salt 0.501 0.501 
Table salt 0.501 0.501 
Extra fine salt 0.500 0.500 
0 h 0.815 0.863 
12 h 0.874 0.874 
60 h 0.874 0.874 
 
Table 3.2 Adsorption ratio of enzyme treated corn starch dyed with 0.02 g/L methyl violet 
solution.  
Enzymatic Treatment Time (h) Adsorption Ratio (%) 
60 82.6a 
12 77.7a 
0 75.3a 
Results were averaged across two batch replicates and each replicate was measured three times. 
Means with the same letter are not significantly different at α = 0.05. 
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Table 3.3 Skeletal density, effective particle density and porosity of enzyme treated corn 
starch.  
Enzymatic 
Treatment 
Time (h) 
Skeletal 
Density 
(g/cm3) % Error 
Effective 
Particle 
Density 
(g/cm3) % Error 
Porosity 
(%) 
0 1.36 3.07 1.13 1.10 17.44 
12 1.39 2.59 0.70 1.40 49.81 
60 1.37 2.96 1.28 0.43 6.06 
Values were averaged from three measurements. 
 
Table 3.4 Parameters extracted from concentration time-profiles of the in vitro sodium 
release.  
Sample Rmax (TDS/s) T99 (s) C50 (ppm) C150 (ppm) 
Coarse salt 44.5c 232.5bc 1152.0c 2641.0c 
Table salt 75.3bc 165.0cd 1841.5b 2898.0ab 
Extra fine salt 224.6a 122.5d 2774.5a 2988.5a 
0 h 116.2b 347.5a 2072.3b 2712.67c 
12 h 138.9b 342.5a 1982.7b 2738.8bc 
60 h 124.5b 335.0ab 1996.7b 2742.8bc 
Results were averaged across two batch replicates and each replicate was measured three times. 
Means within the columns with the same letters are not significantly different at p < 0.05. 
TDS, total dissolved solids; Rmax, maximum rate of sodium release; T99, time to reach 99th % of 
concentration; C50, a snapshot of the concentration at 50 s;  C150, snapshot of the concentration at 150 
s. 
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Figure 3.1 Explanation of parameters obtained from a concentration time-profile. TDS, 
total dissolved solids; Rmax, maximum rate of sodium release; T99, time to reach 99th % of 
concentration; C50, a snapshot of the concentration at 50 s;  C150, snapshot of the 
concentration at 150 s. 
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Figure 3.2 Scanning electron microscope images of corn starch under different treatments. 
A) Native corn starch, B) PCS after 4 hours enzymatic treatment, C) PCS after 72 hours 
enzymatic treatment. 
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Figure 3.3 Scanning electron microscope images of PCS immobilized with salt. A) PCS after 
12 hours enzymatic treatment, B) PCS after 60 hours enzymatic treatment. 
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Figure 3.4 Plot of total dissolved solids (TDS) against time for different types of salts (filled 
markers) and PCS with different enzymatic treatment times immobilized with salt (open 
markers). Error bars show one standard deviation from two batch replicates and each 
replicate was measured three times. 
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CHAPTER 4 
LIPOPROTEIC MATRIX AS A CARRIER FOR SODIUM DELIVERY 
 
4.1 Abstract 
 Excessive sodium consumption can result in hypertension, diabetes, heart diseases, 
stroke and kidney diseases. Chips, extruded snacks, and tortilla/corn chips accounted for 
almost 56% of snacks retail sales in 2010 and hence it is important to target sodium 
reduction in this area. Past studies had shown that modifying the rate-release mechanism 
of sodium is a promising strategy for sodium reduction in the food industry. Encapsulation 
or immobilization of salt can be a possible technique to control sodium release rate. This 
chapter aims to evaluate lipoproteic matrix as a carrier for controlled sodium release in 
topically applied salts. Lipoproteic matrix was developed by creating a gel from a 
homogenized emulsion, followed by freeze drying and grinding into fine powders. The 
powders were characterized for morphology by scanning electron microscopy (SEM), 
porosity by gas multipycnometer, sodium distribution by micro-computerized tomography 
(CT)-scan and in vitro sodium release by a conductivity meter. The SEM images and CT-
scan showed salt dispersed throughout the matrix. Porosity decreased with increasing 
protein and fat content. The lipoproteic matrix had different sodium release profiles 
compared to commercial salts, and protein content and fat content altered release profile. 
The addition of fat generally slowed down sodium release. Lipoproteic matrix was found to 
have potential as a carrier as it could effectively immobilize sodium and in addition to 
having different release profiles from commercial salts, differences in protein and fat could 
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also alter the release profile. A future study may include the investigation of the sensory 
perceptions of the lipoproteic matrix using human subjects. 
 
4.2 Introduction 
 It was found that ninety-nine percent of US adults consume more than 1500 mg of 
sodium per day, which is the recommended level by the American Heart Association for the 
general public (Cogswell and others 2012).  Consumption of excess amount of sodium 
results in increased plasma level which may induce hypertension. About two-thirds of the 
adults in U.S have either hypertension or pre-hypertension. Diabetes, heart diseases, stroke 
and kidney diseases are associated with untreated hypertension (Dickinson and Havas 
2007; Doyle and Glass 2010). Potato- and corn-based chips and extruded snacks account 
for more than half of the retail sales market, with almost 56% of snacks retail sales in the 
US in 2010 and hence it is important to target sodium reduction in this area (Agriculture 
and Agri-Food Canada 2011). Such crispy snacks are usually salted by powders with 
sprinkling systems such as screw distributors, rollers and antistatic atomization systems 
(Haarmann 1993). Research have shown that smaller salt crystals give quicker, more salty 
delivery of sodium per unit sodium but unfortunately, there will also be much more 
immediate loss of saltiness after chewing (Vella and others 2012; Rama and others 2013). 
The rapid decrease in saltiness perception may be compensated by a larger amount of 
sodium chloride added to the product. A study done by Tian and Fisk (2012) showed that 
the chips’ salt flavoring is released in a pulse-type mechanism that will not be perceived in 
normal eating conditions and hence a large proportion of sodium will be consumed without 
being perceived. Thus, modifying the rate-release mechanism of sodium is a promising 
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strategy in contributing to the efforts of sodium reduction in the food industry. 
Encapsulation or immobilization of salt can be a possible technique to control sodium 
release rate. 
In a previous study, protein–lipid-based gels with various microstructures had been 
created (Kuo and Lee 2014). The gels were prepared by heating a homogenized mixture of 
whey protein, anhydrous milk fat, sodium, and water. Images of the gels showed that 
different protein, fat and homogenization pressure levels create different porosities and 
microstructures. Furthermore, it was found that the maximum rate of sodium release 
during compression increased with increasing gel porosity and pore size. This showed that 
modification of microstructure can control release of sodium, which can be applied to 
powder type of immobilized salt. Sodium would be incorporated during the gel preparation 
step, and the gels would be freeze-dried to maintain their structures and ground into 
powders in the micrometer size range. 
Freeze-drying is a non-destructive dehydration process by which a reduction of 
water activity can be achieved without heating the food. Freeze-drying will give superior 
product quality, as it is able to preserve nutritional qualities and sensory characteristics. 
The gels would be frozen rapidly in order to maintain the structure and freeze-drying only 
causes minor changes to proteins (Fellows 2009). Freeze-drying also prevents coloration of 
the lipoproteic matrix as Maillard reaction can occur during conventional hot air drying 
and cause non-enzymatic browning. The open porous structure preserved by freeze-drying 
may also allow for controlled diffusion of sodium ions during mastication process. 
 The objectives of this chapter were to produce immobilized salt powders using 
lipoproteic matrices and evaluate controlled sodium release from the immobilized salt 
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powders.  It was hypothesized that dried lipoproteic matrices with different protein 
content, fat content, and homogenization pressure will create different microstructures and 
immobilizing sodium chloride in these microstructures will generate significantly different 
sodium release profiles in time. The development of lipoproteic matrix and the efforts in 
trying to quantify its porosity and sodium distribution were explained in this chapter. 
Sodium release from the lipoproteic matrix was also analyzed. The results from all of the 
analysis were used to determine if the lipoproteic matrix could modify rate-release 
mechanism of sodium and thus be a suitable option as a carrier for sodium delivery. 
4.3 Materials and methods 
Materials 
Both Hilmar™ 9000 whey protein isolate (WPI) (Hilmar Ingredients, Hilmar, CA, 
U.S.A.) and anhydrous milkfat (AMF) (Dairy Farmers of America, Kansas City, MO, U.S.A.) 
were used as is without further purification. Sodium chloride used in the porous systems 
was obtained from Fisher Scientific (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) 
while the other sodium chlorides used for conductivity were obtained from Morton Salt: 
Top Flake Coarse and Salt, Flour Salt and Morton® Plain Table Salt (Morton Salt, Inc., 
Chicago, IL, U.S.A.). Paraffin wax (ASTM D 87) was obtained from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, U.S.A.) and used for porosity measurements. 
 
Preparation of Immobilized Salt in Lipoproteic Matrix 
 All of the formulations were listed in Table 4.1, and they were chosen to determine 
the effects of protein content, fat content, and homogenization pressure while loading as 
much salt as possible. There were two levels of protein content (6% and 12%), two levels 
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of fat content (2% and 6%), and two levels of homogenization pressure (14 MPa and 55 
MPa). First, WPI was slowly added to a 1.5 % salt solution while being magnetically stirred 
for 10 minutes at room temperature. The WPI suspension was then incubated at 45 °C for 
20 minutes before being placed in a refrigerator at 6 to 8 °C for 16 hours to ensure 
complete hydration of the protein. The WPI suspension was incubated again at 45 °C for 20 
minutes before being pre-homogenized at 9.6k RPM with IKA® T25 digital ULTRA 
TURRAX® (IKA, Staufen im Breisgau, Germany). Pre-warmed AMF was then poured in, and 
the rotation speed was increased to 11.6k RPM for three minutes. The pre-homogenized 
emulsion was incubated at 45 °C for 30 minutes for foam reduction. Then, it was 
homogenized for 3 minutes using APV 2 stage homogenizer (SPX Flow Technology, 
Soeborg, Denmark) at 14/ or 55 MPa for the 1st stage, and 3.4 MPa for the 2nd stage. The 
emulsion was subjected to house vacuum for 30 minutes at room temperature to remove 
air bubbles. Additional salt was added (up to 20 % (w/w)) and magnetically stirred for 10 
minutes. The average pH of the emulsion before salt addition was 6.3 while after salt 
addition was 5.8. For the gel preparation, the emulsion was filled into Teflon tubes (66-mm 
length, 25.4-mm inner diameter) with both ends sealed with rubber stoppers. They were 
then heated in 90 °C water bath for 30 minutes for heat gelation, followed by 16 h storage 
between 6 and 8 °C. Gels were then sliced, submerged in liquid nitrogen, and placed in a 
freeze-drier (FreeZone® 6L, Labconco Corporation, Kansas City, MO, U.S.A.) for 72 hours. 
The average moisture content of the dried lipoproteic matrix was 2.8 % (w/w). Two batch 
replicates were made for each lipoproteic matrix. 
 
Emulsion particle size 
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 After applying vacuum, some of the emulsions were portioned out for particle size 
analysis using dynamic light scattering (ZetaPALS, Brookhaven Instruments Co., Holtsville, 
N.Y., U.S.A.). Emulsions with 2% (w/w) fat were diluted up to 100X while emulsions with 
6% (w/w) fat were diluted up to 1000X, and they were examined at 25 °C. 
Intensity-weighted particle size distribution was collected from the average of 3 
runs, and the effective diameter was obtained for each distribution. Number distribution 
was not used as it requires some a priori knowledge of the particle structure (Dalgleish and 
Hallett 1995). Three measurements were completed for each sample. 
 
Porosity 
A multipycnometer (Quantachrome Instruments, Boynton Beach, FL, U.S.A.) was 
used to measure true particle density. This instrument uses Archimedes’ principle of fluid 
displacement and Boyle’s Law of gas expansion. Gas is used as the displaced fluid, and it is 
able to penetrate the finest pores for maximum accuracy. Pure nitrogen was used as the gas 
and samples were purged beforehand for 20 minutes to remove any contaminating vapors 
and atmospheric gasses. The volume of the sample was calculated using the following 
equation. 
𝑉𝑠 =  𝑉𝑐 +
𝑉𝑟
1 −
𝑃1
𝑃2
 
Where Vs is the sample volume (cm3), Vc is the sample cell holder volume (cm3), Vr is the 
reference volume (cm3), P1 is the pressure reading after pressurizing just the reference 
volume and P2 is the pressure reading after expanding gas into the sample cell holder.  
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Apparent particle density consists of the solid material volume and closed pore 
volume, and this was measured by simply placing the sample in the cell and measuring its 
volume. Three sets of readings were taken for each measurement and three measurements 
(purging each time) were done for each sample.  Effective particle density consists of solid 
material volume, open pore volume and closed pore volume and this was measured by 
waxing the samples first and then measuring the waxed samples’ volume. Three sets of 
readings were taken for each measurement and four sets of waxed sample were done for 
each sample. Porosity (φ) is calculated using the following equation. 
𝜙 = 1 −
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
 
 
Morphology 
 Morphology of powders was observed using Philips XL30 ESEM-FEG (FEI Company, 
Hillsboro, OR, U.S.A.) scanning electron microscope in Hi-Vac mode. Samples were coated 
with gold-palladium using Denton Desk II TSC turbo-pumped sputter coater (Denton 
Vacuum Inc, Moorestown, NJ, U.S.A.). 
 
Sodium Distribution 
 Powders were scanned with Xradia MicroCT (Carl Zeiss AG, Jena, Germany), a high-
resolution 3D X-ray imaging system. The resultant 16-bit images were reconstructed to 
obtain the same byte scale. They were then analyzed for sodium distribution using Avizo 
3D Software (FEI Company, Hillsboro, OR, U.S.A.). The intensity thresholds for sodium 
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signal was 23643 in the images and signal higher than 23644 was considered as sodium. 
The software would distinguish any clustered pixels as one entity. 
 
In vitro sodium release 
Orion™ VERSA STAR™ multiparameter bench top meter (Thermo Fisher Scientific, 
Waltham, MA, U.S.A.) was used to measure the total dissolved solids (TDS) of samples. A 
standard cell was used, and its K (cell constant) was 0.4750. TDS factor was linear with 
0.49, and the temperature coefficient was 2.10. The temperature was automatically linearly 
compensated to 25°C. A one-inch magnetic stir bar was placed in 200 mL beaker, and the 
magnetic stirrer was turned on at 150 rpm. Prior to the experiment, total dissolved solids 
readings were taken for 0.5 g of all the samples. Each reading was divided by 1 ppt to 
obtain a factor. The final adjusted weight was obtained from dividing 0.5 g by the factors 
(Table 4.2) and except for the control, the final molarity of all the solutions was 17 mM. The 
amount of control added has the highest amount of protein and fat found in the samples. 
The lipoproteic matrices were ground with mortar and pestle. Powders and flour salt that 
pass through U.S. No. 70 sieve (212 μm) and retained by U.S. No. 200 sieve (75 μm) were 
collected and used for this analysis. These numbers were chosen as they were within the 
average range of salt powders sold in the industry (Miller and Barringer 2002). The 
particle size of coarse salt was between 300 μm and 1400 μm while the table salt was 
between 212 μm and 600 μm. Powders or commercial salts were poured into the beaker 
and then 150 mL of DI water was poured at time = 0 second. The conductivity meter was 
programmed to collect data every five seconds, up to 2000th second. Three sets of readings 
were taken for each sample. To quantify sodium release, parameter such as release rate is 
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usually extracted from the curves (Boisard and others 2013; Kuo and Lee 2014). In this 
study, four parameters were extracted to obtain a better understanding of the 
concentration–time profiles: the maximum rate of sodium release (Rmax), time to reach 99th 
% of concentration (T99), a snapshot of the concentration at 50 s (C50), and another 
snapshot of the concentration at 150 s (C150). Rmax was obtained from the greatest value of 
the derivative of a curve fitted by a smoothing spline function using Matlab (Version 7.11.0 
R2010b, The Mathworks Inc., Natick, MA, U.S.A.). T99 was obtained instead of time to reach 
maximum concentration as the conductivity reading fluctuated within a small range over 
time.  Figure 4.1 illustrates how the parameters were obtained in studies that utilized in-
vitro sodium release. 
 
Statistical Analysis 
 Data were analyzed by analysis of variance (ANOVA) using Statistical Analysis 
System version 9.1 (SAS Institute, Cary, NC, U.S.A.). Mean separation of data to investigate 
protein content, fat content and homogenization pressure effect of lipoproteic matrix was 
determined by Tukey’s HSD with α = 0.05 while data with lipoproteic matrix and 
commercial salt was determined by least significant difference (LSD) with α = 0.05. 
 
4.4 Results and discussion 
Microstructural Difference in Lipoproteic matrix 
 DLS provides a quick initial quality check of the emulsions prepared before 
continuing on to gelation process. The particle size of the emulsions can be found in Table 
4.3 and it was observed that higher homogenization pressure led to a lower colloidal 
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droplet size, which agrees with the literature (Qian and McClements 2011). Sample that has 
a polydispersity index (PDI) that is below 0.2 is usually considered as a monodispersion 
(Arzenšek 2010). All of the emulsions had high sample homogeneity as they had PDI values 
below 0.2 (Table 4.3).  
 As for porosity, the results in Figure 4.2 and Table 4.3 showed a significant trend of 
decreasing porosity with more protein and fat content. This was expected as both protein 
and fat occupy the space in the matrix and hence reduce the void volume (Kuo and Lee 
2014). Homogenization pressure had no significant effect on porosity even though 55 MPa 
samples had lower porosity than 14 MPa samples. This was not surprising as a previous 
study with lipoproteic gels had a formulation with different homogenization pressures that 
caused porosity change and another formulation with different homogenization pressures 
that did not cause porosity change (Kuo and Lee 2014). There was no significant 
interaction effect between protein content, fat content, and homogenization pressure. 
 SEM images of the lipoproteic matrix can be observed from Figure 4.3 and 4.4. At a 
brief glance, there were no distinguishing features that differed one from another. The 
immobilized salt could not be visually distinguished, which may imply that they were 
successfully immobilized within the lipoproteic matrix. At a brief glance, it could be 
observed that lipoproteic matrix with higher fat content generally had rounder features 
while those with lower fat content generally had sharper, edgier features.  
 In terms of sodium distribution, CT-scan images showed sodium as bright spots, 
dispersed within the structures. An example CT-scan image is presented in Figure 4.5. This 
finding strengthened the notion that sodium was successfully immobilized within the 
structures. Each pixel in the CT-scan images that had the signal intensity of and above 
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23643 was considered as sodium and the software would distinguish any clustered pixels 
as one entity. The mean diameters of clustered pixels were shown in Figure 4.6. There 
appeared to be a broad range of sodium clusters dispersed in the structures. Figure 4.7 
showed the normalized distribution of intensities among the lipoproteic matrix. The signal 
intensity of the pixels may be correlated to sodium concentration (Thulborn and others 
2009). It appeared that the lipoproteic matrix had a wide range of concentration of sodium 
dispersed in the structures. 
 
In vitro Sodium Release Properties of the Lipoproteic matrix 
 Concentration-time profiles of the in vitro sodium release in Figure 4.8 showed that 
the immobilized salts in lipoproteic matrix had different sodium release profiles compared 
to commercial salts. It was not a surprise that the immobilized salts had different sodium 
release profiles from table and coarse salt as immobilized salts have much smaller particle 
size range. A previous study had shown that salt crystal size was a dominant factor for 
influencing dissolution rate (Vella and others 2012). It was thus very interesting to observe 
that even with similar particle size, flour salt and the immobilized salts had different 
release profiles. The profile of the control showed that the total dissolved solids from the 
lipoproteic matrix almost entirely consisted of sodium chloride. Overall conductivity 
results in Table 4.5 offered more details on the differences of release profiles between the 
immobilized salts in lipoproteic matrix and commercial salts. Among commercial salts, 
flour salt had the highest maximum dissolution rate while coarse salt had the lowest 
maximum dissolution rate. Again, smaller particle size has a larger surface area that allows 
for more rapid dissolution. The maximum dissolution rate of immobilized salts lay between 
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those two extremities. The maximum dissolution rate of table salt was not significantly 
different than three of the immobilized salts (6-2-55, 6-6-55 and 12-6-14). All three 
commercial salts reached the T99 faster than most of the immobilized salts and this showed 
that even with lower maximum dissolution rate for table and coarse salt, they had a steady 
dissolution process unlike the immobilized salts. This becomes more apparent when 
comparing both C50 and C150. For example, the C50 of coarse salt (661.2 ppm) was 
significantly lower than the C50 of 12-6-55 (831.6 ppm). However at 150th s, C150 of coarse 
salt (998.8 ppm) was significantly higher than the C150 of 12-6-55 (940.4 ppm). 
 Differences among the lipoproteic matrix would be the next focus. Table 4.6 showed 
the effect of protein content, fat content and homogenization pressure effect on parameters 
extracted from concentration time profiles. Homogenization pressure change alone had no 
significant effect on all of the parameters. Fat content and protein content had effect on all 
of the parameters and their mean combined effect can be found in Table 4.7. Increasing fat 
content significantly increased T99 and decreased Rmax, C50 and C150. Increasing fat content 
generally slowed down the sodium release, and this might be due to the hydrophobic 
nature of fat that might cause aggregation in a hydrophilic environment and blocks sodium 
chloride from being dissolved in the water (Raschke and others 2001). In addition, water 
migrates preferentially through the continuous hydrophilic matrix in emulsified films while 
“apparent tortuosity” is altered by the dispersed lipid phase (Morillon and others 2002). 
Since fat cannot be dissolved, it might be an obstacle that increased the path length of 
sodium ions as they had to migrate around the fat globules to be released. Increasing 
protein content significantly decreased T99 and increased Rmax, C50 and C150. Higher protein 
content might increase protein-fat binding, and thus reducing the fat content effect by 
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reducing the size of fat globules. There were significant fat and homogenization pressure 
interaction for Rmax and C50. At lower homogenization pressure, higher fat content 
significantly decreased Rmax, but at higher homogenization pressure, fat content had no 
significant effect on Rmax. At higher fat content, lower homogenization pressure 
significantly decreased C50, but at lower fat content, homogenization pressure had no effect 
on C50. Fat globules are larger at low homogenization pressure and again, this might 
increase the path length of the sodium ions. For T99, there was significant fat and protein 
interaction. At lower fat content, protein content had no significant effect on T99, but at 
higher fat content, lower protein content significantly increased T99. There was also 
significant fat and protein interaction for C150. Protein content had no significant effect at 
lower fat content but at higher fat content, lower protein content significantly decreased 
C150). In summary, at higher fat content, lower protein content slowed down the release 
rate of sodium. This might be attributed to the lack of protein-fat binding, thus exposing 
more hydrophobicity within the structures, which in turn increases aggregation of the 
powders. Even though it is not directly related, a study with whey protein isolate 
(WPI)/beeswax (BW) emulsion films lowered water vapor permeability with high lipid 
content but not with low lipid content. They attributed this to the fact that the hydrophilic 
protein matrix still dominates the final film composition at low lipid content (Pérez-Gago 
and Krochta 2001).  
 
4.5 Conclusions 
 Lipoproteic matrix was found to be a suitable carrier for sodium delivery based on 
the results of the above experiments as sodium release profile was varied when protein 
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content and fat content were varied. It was speculated that the size of fat globules was the 
determining factor in the release rate; hence it would be interesting if future studies could 
measure the size of fat globules in the immobilized salt. In addition, in vivo measurements 
of sodium release in mouth by immobilized salt could possibly reveal homogenization 
pressure effect as it depicts a more real-life situation of sodium release. 
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4.7 Tables and figures 
Table 4.1 Formulations of lipoproteic matrix.  
Sample 
Codes 
WPI (% w/w) AMF (% w/w) NaCl (% w/w) Pressure 
(MPa) Emulsion Powder Emulsion Powder Emulsion Powder 
6-2-14 6 19.5 2 6.5 20 65.5 14 
6-2-55 6 19.5 2 6.5 20 65.5 55 
12-2-14 12 32.5 2 5.5 20 54.0 14 
12-2-55 12 32.5 2 5.5 20 54.0 55 
6-6-14 6 17.5 6 17.5 20 59.0 14 
6-6-55 6 17.5 6 17.5 20 58.5 55 
12-6-14 12 30.0 6 15.0 20 49.5 14 
12-6-55 12 30.0 6 15.0 20 49.5 55 
Control 12 50.5 6 25.0 20 0.0 55 
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion. 
 
Table 4.2 Weights added to obtain 17 mM of sodium chloride for in vitro sodium release. 
Sample Weight (g) 
Replicate 1 Replicate 2 
Coarse salt 0.155 0.155 
Table salt 0.155 0.155 
Flour salt 0.154 0.154 
6-2-14 0.231 0.235 
6-2-55 0.232 0.235 
12-2-14 0.281 0.277 
12-2-55 0.281 0.266 
6-6-14 0.258 0.261 
6-6-55 0.265 0.259 
12-6-14 0.300 0.306 
12-6-55 0.300 0.279 
Control 0.300 0.306 
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Table 4.3 Effective diameter of emulsion particle size and their polydispersity index (PDI).  
Sample Effective Diameter (nm) PDI 
6-2-14 295.5b 0.162 ± 0.026 
6-2-55 213.4c 0.149 ± 0.017 
12-2-14 327.8a 0.190 ± 0.001 
12-2-55 207.4c 0.090 ± 0.076 
6-6-14 339.4a 0.203 ± 0.012 
6-6-55 207.5c 0.147 ± 0.002 
12-6-14 332.3a 0.167 ± 0.002 
12-6-55 200.7c 0.116 ± 0.017 
Control 217.5c 0.137 ± 0.000 
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion. 
Results were averaged across two batch replicates and each replicate was measured three times. 
Means with the same letters are not significantly different at p < 0.05. 
 
 
Table 4.4 F-values of porosity of dried lipoproteic matrix.  
P F H P*F P*H F*H P*F*H 
12.26** 13.27** 1.5 0.04 0 1.47 0.06 
P = protein; F = fat; H = homogenization pressure.  
Results were averaged across two batch replicates and each replicate was measured four times. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Table 4.5 Parameters extracted from concentration time profiles of the in vitro sodium 
release for commercial salts and lipoproteic matrix. 
Sample Rmax (TDS/s) T99 (s) C50 (ppm) C150 (ppm) 
Coarse salt 35.5g 147.5de 661.2de 998.8a 
Table salt 58.2de 92.5de 892.0bc 995.2a 
Flour salt 90.6a 37.5e 999.2a 1003.7a 
6-2-14 71.2bc 155de 909.0b 1001.0a 
6-2-55 59.8cde 225d 816.0c 961.2ab 
12-2-14 73.3b 170de 904.9b 985.3ab 
12-2-55 71.1bc 172.5de 892.0bc 982.4ab 
6-6-14 40.8fg 1000a 633.4e 791.3d 
6-6-55 53.2de 975a 721.4d 840.3d 
12-6-14 50.6ef 595b 725.0d 906.1c 
12-6-55 63.3bcd 395c 831.6bc 940.4bc 
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion.  
Results were averaged across two batch replicates and each replicate was measured three times. 
Means within the columns with the same letters are not significantly different at p < 0.05.  
TDS, total dissolved solids; Rmax, maximum rate of sodium release; T99, time to reach 99th % of 
concentration; C50, a snapshot of the concentration at 50 s;  C150, snapshot of the concentration at 150 
s. 
 
Table 4.6 F-values of protein content, fat content and homogenization pressure effect on 
parameters extracted from concentration time profiles.  
Parameter P F H P*F P*H F*H P*F*H 
Rmax (TDS/s) 6.87* 28.07*** 0.8 0.26 0.55 9.22* 0.49 
T99 (s) 49.42*** 237.7*** 1.1 42.43*** 2.78 4.18 0.55 
C50 (ppm) 8.69* 43.23*** 0.91 1.96 1.13 10.48* 0.44 
C150 (ppm) 14.98** 62.85*** 0.51 13.49** 0.15 4.89 0.82 
P = protein; F = fat; H = homogenization pressure.  
Results were averaged across two batch replicates and each replicate was measured three times. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
TDS, total dissolved solids; Rmax, maximum rate of sodium release; T99, time to reach 99th % of 
concentration; C50, a snapshot of the concentration at 50 s;  C150, snapshot of the concentration at 150 
s. 
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Table 4.7 Significant mean combined effect values for protein content and fat content at α 
= 0.05. 
Parameter 
Protein Content Fat Content 
6% 12% 2% 6% 
Rmax (TDS/s) 56.2 64.6 68.8 52.0 
T99 (s) 588.8 333.1 180.6 741.3 
C50 (ppm) 769.9 838.4 880.5 727.8 
C150 (ppm) 898.4 953.6 982.5 869.5 
TDS, total dissolved solids; Rmax, maximum rate of sodium release; T99, time to reach 99th % of 
concentration; C50, a snapshot of the concentration at 50 s; C150, snapshot of the concentration at 150 s. 
Results were averaged across two batch replicates and each replicate was measured three times. 
 
 
 
 
 
 
 63 
 
 
Figure 4.1 The parameters obtained from a concentration time-profile. TDS, total dissolved 
solids; Rmax, maximum rate of sodium release; T99, time to reach 99th % of concentration; 
C50, a snapshot of the concentration at 50 s;  C150, snapshot of the concentration at 150 s. 
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Figure 4.2 Mean porosity values. Sample codes are represented as follows: protein (%)–fat 
(%)–homogenization pressure (MPa) in emulsion. Results were averaged across two batch 
replicates and each replicate was measured four times. Error bars represent one standard 
deviation. 
 
 
72.2 71.8
67.7 68.1 69.2 66.4
64.8
61.5
0
10
20
30
40
50
60
70
80
6-2-14 6-2-55 12-2-14 12-2-55 6-6-14 6-6-55 12-6-14 12-6-55
P
o
ro
si
ty
 (
%
)
Sample Codes
 65 
 
 
Figure 4.3 Scanning electron microscope images of lipoproteic matrix immobilized with 
salt at low homogenization pressure (14MPa). A) 6-2-14, B) 12-2-14, C) 6-6-14, D) 12-6-14. 
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure 
(MPa) in emulsion. 
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Figure 4.4 Scanning electron microscope images of lipoproteic matrix immobilized with 
salt at high homogenization pressure (55MPa). A) 6-2-55, B) 12-2-55, C) 6-6-55, D) 12-6-
55. Sample codes are represented as follows: protein (%)–fat (%)–homogenization 
pressure (MPa) in emulsion. 
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Figure 4.5 A CT-scan image of a lipoproteic matrix (6-2-55). Bright spots indicated 
presence of sodium ions.  Sample codes are represented as follows: protein (%)–fat (%)–
homogenization pressure (MPa) in emulsion. 
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Figure 4.6 Mean diameter of clustered pixels obtained from micro CT-scan images of 
lipoproteic matrix. The middle 300 slices out of 968 slices were analyzed. Error bars 
represent one standard deviation. Sample codes are represented as follows: protein (%)–
fat (%)–homogenization pressure (MPa) in emulsion. 
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Figure 4.7 Intensity distribution of pixels obtained from micro CT-scan images of 
lipoproteic matrix. The middle 300 slices out of 968 slices were analyzed. Sample codes are 
represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in emulsion. 
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Figure 4.8 Concentration time profiles of the in vitro sodium release. Filled markers 
represent commercial salts while open markers represent lipoproteic matrix. Results were 
averaged across two batch replicates and each replicate was measured three times. Error 
bars represent one standard deviation. TDS, total dissolved solids. Sample codes are 
represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in emulsion. 
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CHAPTER 5 
SENSORY ANALYSES OF IMMOBILIZED SALT IN LIPOPROTEIC MATRIX AS A SODIUM 
CARRIER 
 
5.1 Abstract 
Lipoproteic matrix was found to be suitable as a sodium carrier as it could 
effectively immobilize sodium and provide different sodium release profiles from 
commercial salts.  The differences in compositions and processing condition could also 
alter the sodium release profile. The objectives of this study were to evaluate the saltiness 
perception of the immobilized salt and commercial salts using Time-Intensity (TI) method 
and to evaluate acceptance of a salty snack containing regular and 25% reduced sodium 
level using commercial flour salt and the immobilized salt. Ten trained panelists evaluated 
saltiness perception of the 9 different immobilized salts in lipoproteic matrix and 3 
commercial salts using TI with anchored structured line scale. The acceptance test with 9-
point hedonic scale was done with 107 panelists who evaluated potato chips coated with 
regular sodium level and 25% reduced sodium level of flour salt and a single formulation of 
the immobilized salt.  The TI results showed that some of the immobilized salts had a 
shorter time to reach the maximum saltiness intensity compared to commercial salts.  In 
addition, results from clustered panelists also showed that some of the immobilized salts 
had higher maximum saltiness intensity, area under the TI curve and maximum rate of 
incline compared to flour salt. Potato chips coated with flour salt had better acceptance 
scores in general compared to immobilized salt. Twenty-five percent reduction of sodium 
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did not significantly affect the acceptance. Future studies could test acceptance of other 
formulas of immobilized salt or different food matrix. 
 
5.2 Introduction 
Ninety-nine percent of US adults consume more than 1500 mg of sodium/day, 
which is the recommended level by the American Heart Association (Cogswell and others 
2012). Excessive sodium consumption can result in hypertension, diabetes, heart diseases, 
stroke and kidney diseases (Dickinson and Havas 2007; Doyle and Glass 2010). Chips, 
extruded snacks, and tortilla/corn chips accounted for almost 56% of snacks retail sales in 
2010 and hence it is important to target sodium reduction in this area (Agriculture and 
Agri-Food Canada 2011). Lipoproteic matrix was found to have promising potential as a 
carrier as it could effectively immobilize sodium and in addition provide different sodium 
release profiles induced by adjusting formulation and a processing parameter. However, 
changes in sodium delivery measured by an instrument might not accurately be translated 
to saltiness perceived during real life mastication. Thus, measuring saltiness perception of 
immobilized salt in lipoproteic matrix by human subjects was logically the next step in 
order to evaluate its effectiveness as a sodium carrier. 
Time–intensity (TI) method, a type of descriptive analysis, gives panelists 
opportunities to rate their perceived sensations over time. When an attribute is tracked, 
the profile between products may show differences that change through time after a 
product is first tasted, smelled, or felt (Lawless and Heymann 2010). Continuous tracking, a 
widely used method, has a great advantage in capturing the detail in the flavor or texture 
experience from the record (Lee 1989). Several studies had successfully utilized TI method 
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to characterize saltiness profiles in different types of salts and chips. Drake and Drake 
(2011) assessed sensory profiles of sea salts and found that minerals may affect time-
intensity profiles. Vella and others (2012) also found that that sea salt composition or 
morphology was affecting maximum intensities and possibly the magnitude of TI curves. 
One of the objectives of this study was to evaluate the saltiness perception of salt 
immobilized in lipoproteic matrix in comparison to commercial salts using TI. It was 
hypothesized that TI could effectively illustrate the saltiness perception by the immobilized 
salt in lipoproteic matrix through time and that the immobilized salt would have varying 
saltiness profile depending on the formulation and processing. Furthermore, overall 
saltiness of a sample was also rated to determine which parameter extracted from the TI 
curves can be generally correlated to when rating overall saltiness. 
In addition, the lipoproteic matrix was targeted for topical applications and it would 
be interesting to compare its liking to commercial salt when applied to potato chips. 
Consumer sensory evaluation can assess the appeal of a product to a consumer on a 
sensory basis, i.e., to get the consumer’s reaction on the products’ appearance, aroma, taste, 
flavor, mouthfeel, and texture (Lawless and Heymann 2010). The measurement of 
acceptance would be utilized as it can efficiently determine consumers’ preferences 
indirectly from the acceptance scores in a multi-product test. The objective of this 
consumer test was to evaluate acceptance of a salty snack with regular sodium level and 
reduced sodium level salted with immobilized salt and flour salt. It was hypothesized that 
differences in the sodium release profile will cause differences in acceptance scores of a 
salty snack and that a salty snack with regular sodium levels would have higher acceptance 
scores compared to reduced sodium levels. 
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5.3 Materials and methods 
Materials 
Both Hilmar™ 9000 whey protein isolate (WPI) (Hilmar Ingredients, Hilmar, CA, 
U.S.A.) and anhydrous milkfat (AMF) (Dairy Farmers of America, Kansas City, MO, U.S.A.) 
were used as is without further purification. Sodium chloride used in the porous systems 
was obtained from Fisher Scientific (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) 
while the other salts were obtained from Morton Salt: Top Flake Coarse (Coarse), Flour Salt 
(Flour) and Morton® Plain Table Salt (Table) (Morton Salt, Inc., Chicago, IL, U.S.A.). 
Unsalted cracker (Saltines, Schnucks, St Louis, MO) was used in the TI study. UTZ® No Salt 
Added chips (Utz Quality Foods, Hanover, PA) and sparkling water (Meijer, Grand Rapids, 
MI) were used for the consumer test. 
 
Time-Intensity and Overall Saltiness Assessment 
Sample Preparation 
 A total of 12 different formulas were used in the TI testing, and all of the 
formulations were listed in Table 5.1. Each formula had duplicate, creating the total 
number of samples to be 24. The development steps for the lipoproteic matrix were 
thoroughly explained in Chapter 4. The resultant immobilized salts and flour salt that were 
sieved through U.S. No. 70 sieve (212 μm) and retained by U.S. No. 200 sieve (75 μm) were 
used. These numbers were chosen as they were within the average range of salt powders 
sold in the industry (Miller and Barringer 2002). The particle size of coarse salt was ranged 
between 300 μm and 1400 μm while the table salt was ranged between 212 μm and 600 
μm. All final sample weights administered were adjusted to contain the same amount of 
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sodium (6 mg for the first TI study and 3 mg for the follow-up TI study). Weighing such low 
amount of salt accurately was challenging, and thus the amount of sodium used was to be 
as low as possible but high enough to be weighed accurately and in timely manner. The 
amount of sodium samples were preliminarily determined by measuring the total dissolved 
solids (TDS) with Orion™ VERSA STAR™ multiparameter bench top meter (Thermo Fisher 
Scientific, Waltham, MA, U.S.A.). Samples were weighed into 14.8 mL paper soufflé cups 
(Solo, Solo Cup Company, Lake Forest, Illinois, U.S.A.) labeled with 3-digit random codes. 
Panelists 
A total of 10 panelists, five males and five females (age range 24-35), were recruited 
for the TI study. Prior to the participation, they were screened to ensure they did not have 
food allergies, sensitivities, and medical conditions that could affect participation or 
performance during testing. Panelists were required to attend 24 sessions, which will last 
about 60 minutes for 3 days and 30 minutes for 11 days. Panelists who could not commit to 
this time requirement were not allowed to participate in the study. All panelists were 
tested for basic taste acuity. 
Rinse Protocol 
The rinse protocol was determined prior to the beginning of the panel.  It was 
important for the rinsing method to effectively cleanse the palate and remove all residues 
from the tongue.  The rinse protocol consisted of first rinsing the mouth with warm water 
(38-49 °C), placing an unsalted cracker on the tongue, and then rinsing the mouth again 
with room temperature water. All rinses were to be expectorated. This rinse protocol was 
utilized throughout the TI study.  Panelists were instructed to rinse their mouth at the start 
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of each session and after every sample tasted. All of the samples were to be expectorated to 
prevent panel fatigue.  
Panel Training 
 The first day of the training consisted of an hour of introduction session, tasting 
protocol for overall saltiness, and anchoring of saltiness intensity using salt solution with 
two different concentrations, A and B (5 g/L and 30 g/L respectively). The tasting protocol 
consisted of loading the entire sample from the container on the tongue and evaluating the 
saltiness perceived on the tongue. Full range of saltiness intensities that could be perceived 
by the samples was experienced by the panelists and anchors were rated for a total of 4 
times to obtain a well-represented average intensity values for the anchors. An anchored 
structured line scale was utilized for all of the testing with end points defined by intensity 
of the taste tested e.g. 0 = not salty 15 = extremely salty. Anchor A was determined to be 6.8 
on the scale while anchor B was determined to be 14.2 on the scale. The second day had 
panelists practicing anchoring saltiness using salt solutions (0 g/L, 1 g/L, 5 g/L, 15 g/L, 30 
g/L and 50 g/L) over two 30 minutes sessions. Refer to Appendix D for a sample ballot of 
the practice with salt solutions seen by the panelists on the computer screen. After the 
overall saltiness test, panelists were trained on using the TI software (Compusense, version 
4.7, Compusense, Inc., Guelph Ont., Canada) in the booths and the TI sampling 
methodology: drink a little water in order to wet the tongue, tap the soufflé cup to ensure 
salt were strategically placed in the corner of the cup, hold the cup with the lips, quickly tilt 
head backwards and tap the bottom of the cup using the less dominant hand, and 
immediately click “Start” using the mouse button and evaluate saltiness. Refer to Appendix 
E for a sample ballot of the TI test seen by the panelists on the computer screen. Training 
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was held over two days with an hour session each day and a day with two 30 minutes 
session. Panelists tasted 12 samples each day during training. 
 Testing Methodology 
 All tests were done in the booths with incandescent lighting, and the temperature 
was set at approximately 22°C and relative humidity at 33%. Sample set up can be seen in 
Appendix F. 
 For the overall saltiness test, the panelists evaluated each sample in 3 replicates 
over 3 days with a total of 24 samples per day divided over two 30 minutes sessions. 
Samples were randomized by Williams design. They were asked only to evaluate the 
saltiness whilst the sample was on their tongues. They were not told when to expectorate. 
Refer to Appendix G for a sample ballot of the overall saltiness test seen by the panelists 
on the computer screen. Panelists had to wait for 1 minute after rinsing before moving on 
to the next sample. This helped in the recovery of the tongue from the irritation by salt. 
 For the TI test, the panelists evaluated each sample in 3 replicates over 6 days with a 
total of 12 samples per day divided over two 30 minutes sessions. Samples were 
randomized by Williams design.  
 As soon as the “Start” button was clicked, panelists evaluated saltiness intensity 
perceived on their tongue at that moment in time. The software collected the responses 
every 0.5 s and each sample testing lasted for 50 s. At 15 s, a message would flash on the 
screen, asking the panelists to be ready to expectorate. At 20 s, a message would flash on 
the screen asking panelists to expectorate. Panelists would expectorate and continue to 
rate the saltiness perceived on their tongues up to 50 s. After rinsing after each sample, 
panelists had to wait for 2 minutes before moving on to the next sample. This helped in the 
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recovery of the tongue from irritation by salt and for the panelists to refocus for the next 
task. 
 Follow-up Time-Intensity 
 About a month after the first TI test, the same panelists were called back for a 
follow-up study. This supplemental study aimed to determine if panelists had reached their 
saltiness saturation on their tongues and hence the sodium content was halved. They 
trained for a day and did the actual testing the next day. Only 4 different samples were 
tested (flour salt, 6-2-14, 12-2-14 and 6-6-14). Sample batches did not show significant 
difference from previous TI results hence only one sample batch was used. Other than the 
decreased sodium concentration, all other testing conditions were the same. The panelists 
evaluated each sample in three replicates. 
 TI Curve Analysis 
 Even though line scale had endpoints from 0-15, the scale was automatically 
converted by the software to 0-100. Seven parameters were extracted from each individual 
curve before further analysis: Imax1 = maximum intensity before expectoration, Tmax = time 
to maximum intensity, Rmax = maximum rate of incline, AUC1 = area under the curve before 
expectoration, Imax2 = maximum intensity after expectoration, Tmin = time to minimum 
intensity after peak and AUC2 = area under the curve after expectoration. Rmax was obtained 
from the greatest value of the derivative of a curve fitted by a Boltzmann function using 
OriginPro 2015 (OriginLab Corporation, Northampton, MA, U.S.A.). Figure 5.1 illustrates 
the parameters obtained from an example TI curve. 
 The TI curves up to 20 s were further clustered to observe trends within the 
panelists. Agglomerative hierarchical clustering was run using XLSTAT 2014.4.09 
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(Addinsoft, Paris, France). Panelists were clustered by having the panelists as the x 
attributes and every sample’s saltiness intensities as the y attributes.  
 Statistical Analysis 
Data did not include the lipoproteic matrix without immobilized salt to prevent 
biased analysis. The batch duplicates were combined as there was no significant difference 
between the duplicates for all of the TI parameters except for overall saltiness; thus each 
sample was run as six replicates. The ANOVA table could be found in Appendix H. Data 
were analyzed by analysis of variance (ANOVA) using Statistical Analysis System version 
9.1 (SAS Institute, Cary, NC, U.S.A.). Mean separation of data with lipoproteic matrix was 
determined by Tukey’s HSD with α = 0.05 while data with lipoproteic matrix and 
commercial salts was determined by Fisher’s least significant difference (LSD) with α = 
0.05. The results from the follow-up study were compared to the first study using t-test at α 
= 0.05. 
 
Consumer Test 
Sample Preparation 
A total of 2 different salts were used in the actual testing, flour salt and 6-6-14. 
Sample 6-6-14 was chosen as it had the fastest Tmax among the lipoproteic matrix. Coated 
potato chips were prepared by first warming them in a convection oven at 93°C for 30 
minutes. This was done as the oil released is viscous and can hold salt particles through 
liquid bridges formation (Niman 2000). They were then placed in a polyethylene bag, 100 g 
of chips each time, and calculated amount of salts were added to the bag. After which they 
would be mixed, shaken, and stored in a dark, cool place until the test next day. Six 
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different samples were prepared: regular sodium level (170 mg per serving) of unlabeled 
flour salt and 6-6-14, reduced sodium level (127.5 mg per serving) of unlabeled flour salt 
and 6-6-14, and reduced sodium level (127.5 mg per serving) of labeled flour salt and 6-6-
14. Each serving contained about 28 g of chips (20 pieces). The regular sodium level was 
what was generally found in the market. The reduced sodium levels had 25% less sodium 
and labeled samples were labeled as “Reduced Sodium”. This followed 21CFR 101.61, FDA 
Code of Federal Regulations Title 21 for reduced sodium claim (FDA 2014). Chips were 
placed into paper boats labeled with 3-digit random codes. 
Panelists 
 A total of 107 panelists were recruited in the study (31 males, 76 females), and their 
demographics could be found in Appendix I. They were faculty, students, and staff of the 
University of Illinois. Prior to being allowed to participate in the study, they were screened 
to ensure they did not have food allergies, sensitivities, and medical conditions that could 
affect participation or performance during testing. Panelists were required to attend one 
session, which will last about 20 minutes. 
Rinse Protocol 
The rinse protocol was determined prior to the beginning of the panel.  It was 
important for the rinsing method to effectively cleanse the palate and remove all residues 
from the mouth. Panelists were instructed to rinse their mouths with warm water (38-49 
°C), sparkling water and room temperature distilled water before the first sample and in-
between samples. 
 Testing Methodology 
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 All tests were done in a spacious room with incandescent lighting. Sample set up can 
be seen in Appendix F. Each panelist was served the unlabeled samples first (regular 
sodium level of flour salt and 6-6-14, reduced sodium level of flour salt and 6-6-14). 
Panelists were asked to taste potato chips and rate them in terms of overall liking, aroma 
liking, taste liking and mouthfeel liking. The products were evaluated using the 9-point 
hedonic acceptance test. This was a commonly used test consisting of a line scale with 
values ranging from 1 to 9 that measures overall liking of a specific product. The lowest 
value (1) was associated with “dislike extremely” while the highest value (9) was 
associated with “like extremely”. After they were done with the first section, they were 
given 2 more samples (reduced sodium levels of flour salt and 6-6-14) now clearly labeled 
with “Reduced Sodium” and were asked to rate them in the same way. The labeled samples 
were given separately so as not to bias the panelists. All responses were collected on paper 
ballots, and a sample ballot could be found in Appendix J. A complete randomized design 
was utilized in the presentation of the ballot questions. 
Post-Questionnaire 
Panelists were asked two questions related to sodium and potato chips 
consumption: “About how often do you consume any kind of potato chip?” and “How 
important is saltiness to you when purchasing potato chips?” These questions were 
intended to gauge the panelists’ potato chips consumption and saltiness importance. A 
copy of the post-questionnaire is included in Appendix K. 
Statistical Analysis 
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 Data were analyzed by analysis of variance (ANOVA) using Statistical Analysis 
System version 9.1 (SAS Institute, Cary, NC, U.S.A.). Mean separation of data of all the 
samples was determined by Tukey’s HSD with α = 0.05. 
 
5.4 Results and discussion 
Time-Intensity and Overall Saltiness Assessment 
 When comparing the Imax1 from TI and the overall saltiness, it was observed that the 
overall saltiness values were much lower than the Imax1 values. This implied that the 
panelists either took the average perceived intensity or they did not put the sample long 
enough in their mouth to perceive the maximum saltiness intensity. Panelists were asked 
how they rated the overall saltiness, and eight of them stated that they took the maximum 
perceived intensity while the other two stated that they averaged the intensity. The 
average Tmax across the board was 12.7 s while the average time it took the panelists to 
reach the overall saltiness intensity based on the TI curves was 7.2 s. Based on these, the 
most plausible reason that the overall saltiness’ values were much lower than the Imax1 
values was that they did not put the sample long enough in their mouth to perceive the 
maximum saltiness intensity.  
 Individual assessors were found to be reproducible according to the Time-Intensity 
Reliability (TI-R) analysis (Bloom and others 1995). The average TI curves of all of the 
samples before expectoration and after expectoration can be found in Figure 5.2 and Figure 
5.3 respectively. It appeared that the TI curves for all the samples had similar shapes. As 
described in methods section, the parameters were extracted and presented in Table 5.2. 
The ANOVA table of all of the parameters can be found in Table 5.3. All of the parameters 
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were significant except for Tmin. Both table salt and coarse salt were generally significantly 
different from all the other samples for all of the parameters. This was expected as research 
had shown that smaller salt crystals give quicker, more salty delivery of sodium per unit 
sodium (Vella and others 2012; Rama and others 2013). The primary focus should then be 
on flour salt as it had the same particle size range as the immobilized salt in lipoproteic 
matrix and their sizes were within the average range of powders used to coat salty snacks 
(Miller and Barringer 2002). Flour salt was not significantly different to the immobilized 
salt for all of the parameters except for Tmax and Imax2. Only one lipoproteic matrix was 
significantly different for Imax2 (12-2-14), and it had lower Imax2 than flour salt. For Tmax, four 
of the immobilized salt had significantly lower Tmax values than flour salt (12-2-14, 6-6-14, 
12-6-14 and 12-6-55). This was not expected, but the earlier reasoning could be applied to 
this as well. Based on the previous chapter’s micro-CT results, sodium particles that were 
embedded in the structures had average particle size range of 2 – 8 µm. Even though the 
lipoproteic matrix powders themselves had the same size range with flour salt, the actual 
sodium chloride crystals in the structures were much smaller than the smallest flour 
particle size (75 µm). This might be the reason why some of the immobilized salts had 
lower Tmax values than flour salt. 
 The immobilized salts themselves were also analyzed by themselves to determine 
the protein content, fat content, and pressure effect. Table 5.4 showed the main effect and 
interaction effect of the lipoproteic matrix for all parameters. Protein content had a 
significant effect on Imax1 and Imax2 while homogenization pressured had a significant effect 
on Imax2. Their mean combined effect can be found in Table 5.5. Lower protein content 
resulted in a higher Imax1 and Imax2. This might be due to having less solid content that could 
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hinder sodium diffusion. Another study found that added protein suppressed saltiness in 
tomato soups as sodium ions are less available for perception due to increased pH (Rosett 
and others 1997). Also, low homogenization pressure resulted in a lower Imax2.There was 
an interaction effect on Imax2 by protein and pressure. At 14 MPa, lower protein content 
resulted in a higher Imax2 but at 55 MPa, there was no protein effect. Especially with higher 
solid content, emulsion with lower pressure was less stable than emulsion with higher 
pressure. There would be less amount of protein-lipid interface due to larger emulsion 
particle size and this could lead to a less stable incorporation of salt into the structures, 
thus making salt more available for diffusion. Surprisingly, there was no fat content effect 
even though the in vitro results from the previous chapter showed that increasing fat 
content generally slowed down the sodium release. It was speculated that the hydrophobic 
nature of fat may cause aggregation of the powders in a hydrophilic environment and 
blocks sodium chloride from being dissolved in the water (Raschke and others 2001). Since 
fat cannot be dissolved, it also may be an obstacle that increased the path length of the 
sodium ions, thus delaying sodium diffusion. However, it could be that hydrophobicity had 
less of an effect in the mouth compared to pure water. This might be due to the presence of 
hydrophobic patches located in the exterior of the salivary proteins in the mouth 
(Vassilakos and others 1992). This would make saliva less hydrophilic than water, thus 
reducing the tendency for fat particles to aggregate and slows down sodium diffusion. The 
discrepancy in results definitely highlighted the importance of conducting sensory tests as 
it is difficult to replicate the exact perceptions in real life using instrumental analyses. 
 Another concern that could be raised was that whether panelists had reached the 
saturation threshold in effectively perceiving saltiness intensity; or in other words, 
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whether panelists’ taste receptors were too saturated with salt they could not perceive 
changes in saltiness as well as in the lower range. As with other TI studies reported, there 
were large variations among the panelists. Due to differences in anatomy, oral 
manipulation, and scaling, these “individual signatures” were a well-known feature of TI 
measurements (Lawless and Heymann 2010). As such, it was natural that panelists had 
different sensitivity to salty taste. In order to observe trends within the panelists, the TI 
curves before expectoration were clustered, and the clustered results can be found in Table 
5.4. The TI curves after expectoration were excluded to focus on the saltiness perception of 
samples on the tongue. Three different clusters among the panelists were determined, and 
the largest cluster had five panelists in it. Figure 5.5 were created to illustrate the 
differences between the clusters. It was shown that cluster 1 and 2 had faster reaction time 
than cluster 3 and the increase in saltiness for cluster 3 was more gradual. Cluster 1 
reached higher saltiness intensity in the beginning compared to cluster 2 and 3. Thus, 
further analyses were done on each of the cluster.  
 Cluster 1 consisted of 3 panelists; their ANOVA results can be found in Table 5.6 and 
the means of the samples can be found in Table 5.7. All of the parameters were found to be 
significant. Just like the unclustered result, table salt and coarse salt were significantly 
different from all the other samples across the board. Also just like the unclustered results, 
the overall saltiness values were much lower than the Imax1 values. Contrary to the results 
with all the panelists, the cluster 1 results showed that, when compared to the flour salt, 
three of the immobilized salt had significantly higher overall saltiness, one of the 
immobilized salt had significantly slower Rmax, one of the immobilized salt had significantly 
larger AUC1 and none of the immobilized salts had significantly faster Tmax.  
 86 
 
 Cluster 2 consisted of 2 panelists; their ANOVA results can be found in Table 5.8 and 
the means of the samples can be found in Table 5.9. Only three of the parameters were 
found to be significant (overall saltiness, Tmax and AUC1). Unlike the unclustered result; 
table salt and coarse salt were generally not significantly different from all the other 
samples. Also unlike the clustered results, cluster 2 results showed that, when compared to 
the flour salt, five of the immobilized salt had significantly lower overall saltiness, and only 
three of the immobilized salts had significantly faster Tmax. 
 Cluster 3 had the most number of panelists (5) and their “lower sensitivity” to salty 
taste might be able to differentiate the samples more effectively. Their ANOVA results can 
be found in Table 5.10 and the means of the samples can be found in Table 5.11. All of the 
parameters were found to be significant. Just like the unclustered result; table salt and 
coarse salt were significantly different from all the other samples across the board. Also 
just like the unclustered results, the overall saltiness values were much lower than the Imax1 
values. Contrary to the unclustered results, the cluster 3 results showed that, when 
compared to the flour salt, five of the immobilized salt had significantly higher Imax1, six of 
the immobilized salt had significantly shorter Tmax, one of the immobilized salt had 
significantly greater Rmax and two of the immobilized salt had significantly larger AUC1. 
These results indicated that immobilized salt had different saltiness profile compared to 
the flour salt. It appeared that achieving the same saltiness using less salt could be possible 
with immobilized salt. 
 In order to test the theory of whether the panelists’ taste receptors were too 
saturated with salt that they could not perceive changes in saltiness as well as in the lower 
range, a follow-up TI study was done with half the amount of sodium chloride. Figure 5.6 
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showed the TI curves comparing the first study and the follow up study. The curves 
appeared to be interspersed with one another before expectoration. After expectoration, 
there was a tendency for the curves from the follow up study to be lower in saltiness 
intensity. Table 5.12 showed the results when comparing the Imax1, Tmax, Rmax and AUC1 of 
the first TI study and the follow-up TI study. The result showed that only 6-2-14 had a 
significant difference in Imax1 and AUC1. This was very interesting as the amount of sodium 
chloride was halved and hypothetically speaking, saltiness perception should be less for all 
of the samples. The results showed that the sodium concentration may be still a little too 
high for saltiness perception to be evaluated effectively by all the panelists. Previous 
literature had shown that saltiness intensity did not change as much at a higher salt 
concentration as compared to a lower salt concentration (Bartoshuk 1989). 
 
Consumer Test 
 Panelists in the consumer study were familiar with potato chips, as shown in Figure 
5.7A. The majority of the panelists (82.2%) considered saltiness as slightly important or 
very important when purchasing potato chips, as shown in Figure 5.7B. The importance of 
saltiness could be interpreted in different ways as some could prefer a less salty taste while 
others could prefer a more salty taste. However, based on the survey, it was no doubt that 
saltiness played a role when purchasing potato chips. 
 The samples were grouped as such: i) Group 1 consisting of unlabeled regular 
sodium level flour salt, regular sodium 6-6-14, reduced sodium flour and reduced sodium 
6-6-14, and ii) Group 2 consisting of unlabeled reduced sodium flour and reduced sodium 
6-6-14, and labeled reduced sodium flour and reduced sodium 6-6-14. As shown in Table 
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5.13, there was no significant label effect or level effect for overall liking, aroma liking, taste 
liking and mouthfeel liking when comparing all the panelists. Twenty-five percent 
reductions of sodium did lower but did not significantly change the liking of potato chips. 
This was an interesting finding and despite not being directly related, a stealth reduction 
study done by Girgis and others (2003) found that 25% sodium reduction in white bread 
could remain largely unnoticed. When comparing treatments in Group 1, flour salt had 
higher overall and taste liking scores than 6-6-14. When comparing treatments in Group 2, 
flour salt had higher taste and aroma liking scores than 6-6-14. The mean scores are shown 
in Figure 5.8. From the previous TI results, 6-6-14 could have an overall saltier perception 
than flour salt, and thus it would be difficult to explain the discrepancy in liking in terms of 
saltiness. The lipoproteic matrix contained anhydrous milk fat and it was speculated that 
the dairy flavor might contribute to the dislike of the lipoproteic matrix as individuals 
might be more used to potato chips with a clean, salty taste. It is possible that consumers 
interpret aroma as taste and this was shown by the lower taste liking for 6-6-14 in both 
groups. 
 
5.5 Conclusions 
TI study with a much lower amount of sodium had to be conducted for saltiness 
perception to be evaluated effectively by all the panelists. This would be difficult as 
weighing such small amount of salt would be a challenge, but it would not be impossible. A 
more accurate weighing method had to be found.  
 Even though the immobilized salt did not receive higher overall liking scores in the 
consumer test, the results were based on only one sample tested. Future studies could 
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examine the other food types in comparison to flour salt as they could have very different 
results. In addition, lipoproteic matrix might perform better on food in which dairy flavor 
can blend (e.g. cheese flavored snacks). Future consumer tests could also include questions 
regarding reasons for liking/disliking samples to better understand the results. In addition, 
it is possible that the crispy snacks industry could stealthily reduce the sodium content in 
their chips without significantly affecting liking. 
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5.7 Tables and figures 
Table 5.1 Sample formulations of lipoproteic matrix.  
Sample 
Codes 
WPI (% w/w) AMF (% w/w) NaCl (% w/w) Pressure 
(MPa) Emulsion Powder Emulsion Powder Emulsion Powder 
6-2-14 6 19.5 2 6.5 20 65.5 14 
6-2-55 6 19.5 2 6.5 20 65.5 55 
12-2-14 12 32.5 2 5.5 20 54.0 14 
12-2-55 12 32.5 2 5.5 20 54.0 55 
6-6-14 6 17.5 6 17.5 20 59.0 14 
6-6-55 6 17.5 6 17.5 20 58.5 55 
12-6-14 12 30.0 6 15.0 20 49.5 14 
12-6-55 12 30.0 6 15.0 20 49.5 55 
Control 12 50.5 6 25.0 20 0.0 55 
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion. 
 
Table 5.2 Mean values of overall saltiness and parameters extracted from TI curves of all 
of the panelists.  
Sample 
Overall 
Saltiness 
Imax1 Tmax Rmax AUC1 Imax2 AUC2 
Coarse  50.4d 70.8b 15.6a 23.2b 973.6b 84.7c 1696.7d 
Table 55.4d 73.5b 15.4a 20.5b 1050.7b 86.4bc 1789.3cd 
Flour 74.1abc 87.2a 13.4b 48.2a 1411.0a 91.5a 1914.2ab 
6-2-14 77.4ab 89.5a 12.7bc 42.5a 1466.6a 92.8a 1927.6ab 
6-2-55 71.4bc 89.0a 12.3bc 47.5a 1447.3a 92.5a 1980.5a 
12-2-14 74.1abc 86.6a 11.4cd 43.4a 1403.6a 88.1b 1858.5bc 
12-2-55 68.7c 86.9a 12.5bc 44.4a 1402.2a 92.2a 1925.7ab 
6-6-14 74.6abc 90.1a 10.7d 45.5a 1470.3a 92.7a 1931.7ab 
6-6-55 74.3abc 89.1a 12.8bc 51.6a 1435.1a 92.6a 1916.9ab 
12-6-14 78.8a 87.9a 11.2cd 49.1a 1423.3a 90.5a 1969.6a 
12-6-55 76.0ab 88.8a 11.5cd 51.9a 1449.7a 91.8a 1928.4ab 
Imax1 = maximum intensity before expectoration; Tmax = time to maximum intensity; Rmax = maximum 
rate of incline; AUC1 = area under the curve before expectoration; Imax2 = maximum intensity after 
expectoration and AUC2 = area under the curve after expectoration.  
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion. 
Six sample replicates were used for analysis.  
Means within the columns with the same letters are not significantly different at p < 0.05.  
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Table 5.3 F-values of overall saltiness and parameters extracted from TI curves of all the 
panelists.  
Attribute S P R P*S R*S R*P 
Adjusted 
F 
Overall Saltiness 15.86*** 25.79*** 4.48*** 2.81*** 0.77 1.07 5.64*** 
Imax1 27.63*** 31.95*** 2.73* 2.93*** 0.99 2.06*** 9.43*** 
Tmax 7.41*** 20.66*** 4.03** 1.18 0.85 1.47* 7.41*** 
AUC1 37.19*** 65.14*** 0.41 2.47*** 0.9 2.23*** 15.06*** 
Rmax 5.37*** 39.51*** 1.15 1.43** 0.8 2.01*** 3.76*** 
Imax2 11.27*** 67.76*** 6.39*** 3.38*** 0.94 2.2*** 3.33** 
Tmin 0.94 17.77*** 0.75 1.11 0.77 1.17 0.94 
AUC2 6.01*** 189.42*** 4.49*** 2.99*** 1.25 1.85** 2.01* 
S = sample; P = panelist; R = replication 
Imax1 = maximum intensity before expectoration; Tmax = time to maximum intensity; Rmax = maximum 
rate of incline; AUC1 = area under the curve before expectoration; Imax2 = maximum intensity after 
expectoration; Tmin = time to minimum intensity after peak and AUC2 = area under the curve after 
expectoration.  
Six sample replicates were used for analysis. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
 
Table 5.4 F-values of parameters extracted from TI curves of all panelists for immobilized 
salts.  
Attribute Pan P F H P*F P*H F*H P*F*H 
Imax 32.97*** 5.75* 1.45 0.01 0.64 0.79 0 0.14 
Tmax 17.72*** 1.2 2.72 3.47 0.03 0.03 0.8 3.65 
AUC1 53.51*** 3.13 0.55 0.14 0.91 1.01 0.02 0.3 
Rmax 30.38*** 0.02 2.12 1.16 0.19 0.27 0.05 0 
Imax2 55*** 10.85** 0.76 4.39* 0.64 5.84* 1.17 1.66 
Tmin 13.07*** 0.72 2.12 0 0.64 1.7 0.78 0.78 
AUC2 144.02*** 0.56 0.3 0.42 3.06 0.02 3.16 0.17 
Pan = panelists; P = protein; F = fat; H = homogenization pressure.  
Imax1 = maximum intensity before expectoration; Tmax = time to maximum intensity; Rmax = maximum 
rate of incline; AUC1 = area under the curve before expectoration; Imax2 = maximum intensity after 
expectoration; Tmin = time to minimum intensity after peak and AUC2 = area under the curve after 
expectoration.  
Six sample replicates were used for analysis. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Table 5.5 Significant mean combined effect values for protein content and fat content. 
Parameter 
Protein Content Homogenization Pressure 
6% 12% 14 MPa 55 MPa 
Imax 89.4 87.5 N/A 
Imax2 92.6 90.7 91.0 92.3 
Imax1 = maximum intensity before expectoration; Imax2 = maximum intensity after expectoration.  
Six sample replicates were used for analysis. 
 
 
Table 5.6 F-values of overall saltiness and parameters extracted from TI curves of the 
three clustered panelists (cluster 1).  
Attribute S P R P*S R*S R*P 
Adjusted 
F 
Overall Saltiness 12.72*** 18.03*** 1.61 4.11*** 1.25 1.41 3.09* 
Imax1 16.12*** 9.04*** 7.61*** 2.31*** 1.46 2.48* 6.98*** 
Tmax 5.55*** 22.67*** 4.47** 1.2 0.84 1.8 5.55*** 
AUC1 24.39*** 13.7*** 3.77** 4.41*** 1.01 3.32*** 5.53*** 
Rmax 3.86*** 9.84*** 0.33 1.24 0.86 2.84** 3.86*** 
S = sample; P = panelist; R = replication; Imax1 = maximum intensity before expectoration; 
Tmax = time to maximum intensity; Rmax = maximum rate of incline; AUC1 = area under the curve before 
expectoration. 
Six sample replicates were used for analysis. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Table 5.7 Mean values of overall saltiness and parameters extracted from TI curves of the 
three clustered panelists (cluster 1) before expectoration. 
Sample 
Overall 
Saltiness 
Imax1 Tmax Rmax AUC1 
Coarse  37.0c 76.9b 16.3a 30.7d 1155.4c 
Table 47.6c 78.1b 15.4a 39.8cd 1250.5c 
Flour 68.0b 95.0a 8.4bc 101.7a 1675.6b 
6-2-14 82.4a 92.4a 11.1b 71.2abc 1675.6b 
6-2-55 74.9ab 96.9a 10.3bc 100.2a 1782.9ab 
12-2-14 79.6ab 93.8a 8.0bc 65.4bc 1697.2ab 
12-2-55 73.4ab 94.8a 10.4bc 84.7ab 1711.9ab 
6-6-14 74.1ab 95.2a 9.3bc 68.5abc 1720.3ab 
6-6-55 80.9a 94.6a 11.4b 100.3a 1757.3ab 
12-6-14 79.1ab 95.3a 9.2bc 83.8ab 1734.4ab 
12-6-55 80.8a 97.3a 7.5c 90.0ab 1818.2a 
 
Table 5.8 F-values of overall saltiness and parameters extracted from TI curves of the two 
clustered panelists (cluster 2).  
Attribute S P R P*S R*S R*P 
Overall Saltiness 2.92** 1.29 1.78 0.2 0.75 1.31 
Imax1 1.79 7.58** 3.45** 1.74 0.94 3.42** 
Tmax 2.7** 2.48 1.07 0.91 1.52 1.39 
AUC1 2.58* 2.2 1.38 0.89 0.98 4.87** 
Rmax 1.44 23.41*** 2.2 0.95 392 2.9* 
S = sample; P = panelist; R = replication; Imax1 = maximum intensity before expectoration; 
Tmax = time to maximum intensity; Rmax = maximum rate of incline; AUC1 = area under the curve before 
expectoration. 
Six sample replicates were used for analysis. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
 
  
 95 
 
Table 5.9 Mean values of overall saltiness and parameters extracted from TI curves of the 
two clustered panelists (cluster 2) before expectoration.  
Sample 
Overall 
Saltiness 
Tmax AUC1 
Coarse  73.2bc 15.0a 1117.6c 
Table 70.7bc 14.4ab 1129.5bc 
Flour 90.8a 14.1ab 1398.4a 
6-2-14 77.2b 12.9abc 1373.0a 
6-2-55 72.5bc 11.3bcd 1259.6abc 
12-2-14 68.8bc 10.4cd 1238.9abc 
12-2-55 63.3c 11.1bcd 1305.6a 
6-6-14 80.1ab 8.9d 1396.3a 
6-6-55 80.2ab 12.8abc 1350.1a 
12-6-14 77.8ab 9.9cd 1293.5ab 
12-6-55 63.8c 12.0abcd 1290.7ab 
 
Table 5.10 F-values of overall saltiness and parameters extracted from TI curves of the five 
clustered panelists (cluster 3).  
Attribute S P R P*S R*S R*P 
Adjusted 
F 
Overall Saltiness 7.37*** 42.43*** 2.65* 2.26*** .68 .98 3.26* 
Imax1 19.54*** 27.54*** 1.31 3.11*** 1.1 1.16 6.28*** 
Tmax 2.36* 15.24*** 1.31 0.85 0.79 1.11 2.36* 
AUC1 17.79*** 17.34*** 0.26 2.1*** 0.9 1.42 8.47*** 
Rmax 3.06** 15.9*** 0.6 0.93 0.83 0.47 3.06** 
S = sample; P = panelist; R = replication; Imax1 = maximum intensity before expectoration; 
Tmax = time to maximum intensity; Rmax = maximum rate of incline; AUC1 = area under the curve before 
expectoration. 
Six sample replicates were used for analysis. 
*, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Table 5.11 Mean values of overall saltiness and parameters extracted from TI curves of the 
five clustered panelists (cluster 3) before expectoration.  
Sample 
Overall 
Saltiness 
Imax1 Tmax Rmax AUC1 
Coarse  49.3d 64.2d 15.4abc 13.3c 806.9d 
Table 54.0d 70.2c 15.8ab 10.9c 899.2d 
Flour 71.2abc 82.5b 16.1a 20.8bc 1211.8c 
6-2-14 74.4abc 91.0a 13.5cd 30.2ab 1378.6a 
6-2-55 68.9bc 88.0a 14.0abcd 26.6ab 1320.9abc 
12-2-14 73.0abc 86.8ab 13.7bcd 26.3ab 1293.3abc 
12-2-55 68.1c 86.0ab 14.4abcd 20.6bc 1255.0bc 
6-6-14 72.8abc 89.8a 12.2d 32.3a 1349.9ab 
6-6-55 67.9c 89.0a 13.6bcd 25.2ab 1275.8abc 
12-6-14 79.0a 85.9ab 12.9d 27.1ab 1288.6abc 
12-6-55 77.9ab 88.5a 13.7bcd 27.3ab 1292.2abc 
Imax1 = maximum intensity before expectoration; Tmax = time to maximum intensity; Rmax = maximum 
rate of incline; AUC1 = area under the curve before expectoration.  
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion.  
Six sample replicates were used for analysis. 
Means within the columns with the same letters are not significantly different at p < 0.05. 
 
Table 5.12 Comparison of parameters before expectoration from the first TI study and the 
follow-up TI study for all panelists.  
Sample Code 
Significant Difference between the Two Sodium Concentrations 
Imax1 Tmax Rmax AUC1 
Flour No No No No 
6-2-14 Yes, p < 0.05 No No Yes, p < 0.05 
12-2-14 No No No No 
6-6-14 No No No No 
The follow-up TI study had 3 mg sodium per serving while the first TI study had 6 mg sodium per 
serving.  
Imax1 = maximum intensity before expectoration; Tmax = time to maximum intensity; Rmax = maximum 
rate of incline; AUC1 = area under the curve before expectoration. 
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion. 
Three sample replicates were used for analysis. 
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Table 5.13 Summary of overall liking, aroma liking, taste liking and mouthfeel liking for all 
panelists.  
Liking 
Group 1 Group 2 
Significant 
Treatment 
Effect 
Significant 
Level Effect 
Significant 
Treatment 
Effect 
Significant 
Label Effect 
Overall Yes No No No 
Aroma No No Yes No 
Taste Yes No Yes No 
Mouthfeel No No No No 
Group 1 consisted of unlabeled regular sodium flour, regular sodium 6-6-14, reduced sodium flour and 
reduced sodium 6-6-14. Group 2 consisted of unlabeled reduced sodium flour and reduced sodium 6-6-
14, and labeled reduced sodium flour and reduced sodium 6-6-14.  
Sample codes are represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in 
emulsion.  
A total of 107 panelists participated in the test. 
Significance is at p < 0.05. 
 
  
 98 
 
 
Figure 5.1 Parameters extracted from an example TI curve. Imax1 = maximum intensity 
before expectoration, Tmax = time to maximum intensity, Rmax = maximum rate of incline, 
AUC1 = area under the curve before expectoration, Imax2 = maximum intensity after 
expectoration, Tmin = time to minimum intensity after peak and AUC2 = area under the 
curve after expectoration. 
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Figure 5.2 TI curves of all samples by all panelists before expectoration. Sample codes are 
represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in emulsion. 
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Figure 5.3 TI curves of all samples by all panelists after expectoration. Sample codes are 
represented as follows: protein (%)–fat (%)–homogenization pressure (MPa) in emulsion. 
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Figure 5.4 Cluster analysis of judges based on TI curves. The cluster with a box around it 
represents the panelists whose TI curves were further analyzed. 
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Figure 5.5 Average TI curves of all samples for each panelist to illustrate differences 
among clusters. Blue color indicated cluster 1, red color indicated cluster 2 and green color 
indicated cluster 3. 
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Figure 5.6 Average TI curves of the first TI study and the follow up TI study. 1st indicated 
the first study and 2nd indicated the follow up study. Sample codes are represented as 
follows: protein (%)–fat (%)–homogenization pressure (MPa) in emulsion. 
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Figure 5.7 Post-questionnaire results of consumer test. A) “About how often do you 
consume any kind of potato chip?” and B) “How important is saltiness to you when 
purchasing potato chips?” A total of 107 panelists participated in the test. 
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Figure 5.8 Mean liking result of the treatment effect. A) Group 1 consisting of unlabeled 
regular sodium flour, regular sodium 6-6-14, reduced sodium flour and reduced sodium 6-
6-14 and B) Group 2 consisted of unlabeled reduced sodium flour and reduced sodium 6-6-
14, and labeled reduced sodium flour and reduced sodium 6-6-14. There were no level and 
label effect. Sample codes are represented as follows: protein (%)–fat (%)–homogenization 
pressure (MPa) in emulsion. Means within the columns with the same letters are not 
significantly different at p < 0.05. 
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Figure 5.9 Mean liking result of ungrouped samples. A) Overall liking, aroma liking and 
mouthfeel liking, and B) Taste liking. Sample codes are represented as follows: protein 
(%)–fat (%)–homogenization pressure (MPa) in emulsion. Means within the columns with 
the same letters are not significantly different at p < 0.05. 
6.3
5.9
6.3
5.8
6.3 6.2
5.7 5.6 5.8 5.7
6
5.5
6.5
6.1 6.2 6.2
6.5
6.4
1
2
3
4
5
6
7
8
9
Flour
Regular
6-6-14
Regular
Flour
Reduced
6-6-14
Reduced
Flour
Reduced
Labeled
6-6-14
Reduced
Labeled
Li
ki
n
g 
Sc
al
e
Overall Liking Aroma Liking Mouthfeel Liking
6.5
6 6.2
5.7
6.4
6
1
2
3
4
5
6
7
8
9
Flour
Regular
6-6-14
Regular
Flour
Reduced
6-6-14
Reduced
Flour
Reduced
Labeled
6-6-14
Reduced
Labeled
Li
ki
n
g 
Sc
al
e
ab ab
b
a
ab
a
B 
A 
 107 
 
CHAPTER 6 
 
SUMMARY 
 
 Excessive sodium consumption can result in hypertension, diabetes, heart diseases, 
stroke and kidney diseases. Chips, extruded snacks, and tortilla/corn chips accounted for 
almost 56% of snacks retail sales in 2010 and hence it is important to target sodium 
reduction in this area. Past studies had shown that modifying the rate-release mechanism 
of sodium is a promising strategy for sodium reduction in the food industry. Encapsulation 
or immobilization of salt can be a potential technique to control sodium release rate. 
 This study investigated two possible sodium carriers, porous corn starch (PCS) and 
lipoproteic matrix, to determine if sodium release rate could be controlled through them.  
The first possible sodium carrier, porous corn starch, was produced by enzymatic 
treatment and characterized for its adsorption by UV-Vis spectrophotometer, morphology 
by scanning electron microscopy (SEM) and porosity by gas multipycnometer. Salt was 
immobilized with the PCS by spray-drying and their in vitro sodium release was measured 
by a conductivity meter. There was no significant difference in adsorption ratio among PCS 
with different enzymatic treatment time. Porosity could not be quantified for 60 h 
enzymatically treated PCS. SEM images of PCS displayed increasing degradation with 
longer enzymatic treatment time. The SEM images also showed most of the salt coated on 
the starch instead of being immobilized inside, which might explain why their sodium 
release profiles were not significantly different from each other. Porous corn starch was 
found to be unsuitable as a carrier as different enzymatic treatment time had no effect on 
its sodium release profile, and it could not effectively immobilize sodium inside its pores. 
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Future researchers might want to investigate different ways of incorporating sodium into 
the pores and more suitable drying methods.  
 As for lipoproteic matrix, it was developed by creating a gel from a homogenized 
emulsion, freeze drying it, and then grinding it to fine powders. It was characterized for its 
morphology by SEM, porosity by gas multipycnometer, sodium distribution by micro CT-
scan and in vitro sodium release by a conductivity meter. The SEM images and CT-scan 
showed salt dispersed throughout the matrices. Porosity decreased with increasing protein 
and fat content. Lipoproteic matrix was found to be suitable as a carrier as it could 
effectively immobilize sodium in the matrices and result in various sodium release profiles 
depending on combination of protein and fat contents and homogenization pressure. Also, 
it would also be interesting to measure the size of fat particles in the powders. 
 Next, the saltiness perception of the immobilized salt in the lipoproteic matrices in 
comparison to commercial salts was determined using Time-Intensity (TI). Parameters 
extracted from TI curves showed that some of the immobilized salt had a shorter time to 
maximum intensity compared to flour salt. In addition, results from clustered panelists also 
showed that some of the immobilized salt had higher maximum intensity, area under the 
curve, and maximum rate of incline compared to flour salt. Thus, it appeared that the 
lipoproteic matrix may be a suitable sodium carrier for enhancing saltiness perception. 
Time-Intensity study with a much lower amount of sodium had to be conducted for 
saltiness perception to be evaluated effectively by all the panelists. This would be difficult 
as weighing such small amount of salt would be a challenge, but it would not be impossible. 
 The immobilized salt was targeted for topical applications so a consumer 
acceptance test using potato chips was conducted. Acceptance test with 9-point hedonic 
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scale was done with 107 panelists who evaluated potato chips coated with regular sodium 
level and 25% reduced sodium level of flour salt and a single formula of lipoproteic matrix 
immobilized with salt. Potato chips coated with flour salt had better acceptance scores in 
general compared to immobilized salt. Twenty-five percent reduction of sodium did not 
significantly affect the liking. Even though the lipoproteic matrix with immobilized salt did 
not perform better than flour salt, only one formula was tested. Future studies could 
examine the other formulas in comparison to flour salt as they could have very different 
results. In addition, immobilized salt might perform better on food whose consumers 
would not expect a clean salty taste. Furthermore, it is possible that the crispy snacks 
industry could stealthily reduce the sodium content in their chips without significantly 
affecting liking. 
 The findings of this study showed that the immobilized salts in lipoproteic matrix 
were able to generate different release profiles of sodium and saltiness perception 
compared to commercial salts. The release of sodium was affected by the combination of 
protein content, fat content, and homogenization pressure of the lipoproteic matrices. The 
mechanism of sodium release needs to be investigated further to design effective 
immobilization systems. Based on this finding, immobilized matrices should be developed 
as it can be a tool to control sodium release profile. Wider ranges of protein content, fat 
content, and homogenization pressure could be explored to obtain more release profiles. 
Immobilized salts can be utilized in the food industry for topical applications on 
appropriate food systems for sodium reduction. 
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Appendix A: Pictures of the development of porous corn starch immobilized with salt 
   
 
 
A)  Enzymatic treatment of corn starch, B) Spray-drying of porous corn starch to immobilize salt, C) 
Final form of porous corn starch immobilized with salt 
  
B A 
C 
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Appendix B: Pictures of the development of lipoproteic matrix immobilized with salt 
 
 
 
A)  Pre-homogenizing step; B) Homogenizing the emulsion; C) Sliced up gels; D) Frozen gels after 
being poured with liquid N2; E) Freeze drying of lipoproteic matrix; F) Final form of lipoproteic 
matrix immobilized with salt 
  
B A C 
D E 
F 
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Appendix C: Step by step methods on obtaining maximum rate of sodium release 
from Matlab 
 
1. Load data onto Matlab 
2. Type “cftool” in the command window 
3. Click “Data” and select desired X Data and Y Data 
4. Click “Create data set” 
5. Going back to the curve fitting tool window, click “Fitting” 
6. Click “New Fit” 
7. Select “Smoothing Spline” as the type of fit 
8. Smoothing parameter should be set as “Default” 
9. Click “Apply” 
10. Going back to the curve fitting tool window, click “Analysis” 
11. Set Analyze at Xi = 0:5:2000. This means start at time = 0, differentiate every 5 s and stop at 
2000 s 
12. Select “1st derivate at Xi and click “Apply” 
13. Take the maximum value as the maximum rate of sodium release 
 
  
A) Example fit of a concentration time profile; B) Example derivatization of a fit 
 
  
A B 
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Appendix D: Sample ballot of scaling practice with salt solutions 
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Appendix E: Sample ballot of Time-Intensity testing 
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Appendix F: Pictures from Time-Intensity and consumer test 
 
 
 
A) Sample set up for Time-Intensity; B) A panelist in a booth rinsing his palate 
 
  
C) Unlabeled potato chips; D) Labeled potato chips; E) Panelists tasting chips  
A B 
C D E 
 116 
 
Appendix G: Sample ballot of the overall saltiness test  
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Appendix H: F-values of overall saltiness and parameters extracted from TI curves of 
all the panelists where batch duplicate was included as a factor 
Attribute S B P R P*S R*S R*P B*S 
Adjusted 
F 
Overall 
Saltiness 
15.96*** 6.85** 25.96*** 3.63* 2.83*** 0.63 1.47 1.08 5.64*** 
Imax1 25.95*** 3.54 30.01*** 3.3* 2.75*** 0.92 1.83* 0.86 9.44*** 
Tmax 7.39*** 0.22 20.62*** 9.43*** 1.18 1.04 1.84* 0.55 7.39*** 
AUC1 36*** 0.15 63.05*** 0.2 2.39*** 0.77 2.95*** 1.04 15.06*** 
Rmax 5.51*** 2.11 40.55*** 1.65 1.47** 1.34 3.64*** 0.49 3.75*** 
Imax2 10.42*** 0.17 62.63*** 6.86** 3.12*** 1.05 2.1** 0.83 3.34*** 
Tmin 0.94 0.44 14.76*** 1.55 1.11 0.8 0.97 0.84 0.94 
AUC2 5.64*** 0 177.92*** 7.92*** 2.81*** 1.07 1.74* 1.29 2.01* 
S = sample; P = panelist; R = replication; B = batch; Imax1 = maximum intensity before expectoration; Tmax = time 
to maximum intensity; Rmax = maximum rate of incline; AUC1 = area under the curve before expectoration; Imax2 = 
maximum intensity after expectoration; Tmin = time to minimum intensity after peak and AUC2 = area under the 
curve after expectoration. *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Appendix I: Demographics of consumer test’s panelists 
  
 A) Age, B) Ethnicity. A total of 107 panelists participated in the test. 
 
  
68
32
5
1 1
18-25
26-35
36-45
46-55
56-65
1
45
5
49
11
American
Indian
Asian
Black/African
American
Caucasian
Hispanic
A 
B 
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Appendix J: Sample ballot for consumer test  
 
 
#1 
 
OVERALL ACCEPTANCE OF POTATO CHIPS 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for overall 
acceptance, saving some of the sample for questions later on.  
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 756 
How much do you like this sample overall? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
 
 
 
Sample Number: 912 
How much do you like this sample overall? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
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OVERALL ACCEPTANCE OF POTATO CHIPS 
 
 
Sample Number: 159 
How much do you like this sample overall? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
 
 
Sample Number: 237 
How much do you like this sample overall? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
 
 
 
 
 
 
 
 
 
 
 
 
You have now completed this portion of the test. Please proceed to the next portion of the 
test and do not go back and change these answers. 
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SPECIFIC ATTRIBUTE ACCEPTANCE OF POTATO CHIPS – AROMA, TASTE & MOUTHFEEL 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for its individual 
attribute asked below. 
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 756 
How much do you like the aroma of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the taste of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the mouthfeel of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
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SPECIFIC ATTRIBUTE ACCEPTANCE OF POTATO CHIPS – AROMA, TASTE & MOUTHFEEL 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for its individual 
attribute asked below. 
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 912 
How much do you like the aroma of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the taste of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the mouthfeel of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
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SPECIFIC ATTRIBUTE ACCEPTANCE OF POTATO CHIPS – AROMA, TASTE & MOUTHFEEL 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for its individual 
attribute asked below. 
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 159 
How much do you like the aroma of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the taste of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the mouthfeel of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
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SPECIFIC ATTRIBUTE ACCEPTANCE OF POTATO CHIPS – AROMA, TASTE & MOUTHFEEL 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for its individual 
attribute asked below. 
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 237 
How much do you like the aroma of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the taste of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the mouthfeel of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
 
You have now completed this portion of the test. Please proceed to the next portion of 
the test and do not go back and change these answers. Please ask one of the assistants for the 
next sample set now. 
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OVERALL ACCEPTANCE OF REDUCED SODIUM POTATO CHIPS 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for overall 
acceptance, saving some of the sample for questions later on.  
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 392 
How much do you like this sample overall? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
 
 
 
Sample Number: 863 
How much do you like this sample overall? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
 
 
 
 
 
 
 
 
You have now completed this portion of the test. Please proceed to the next portion of the 
test and do not go back and change these answers. 
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SPECIFIC ATTRIBUTE ACCEPTANCE OF REDUCED SODIUM POTATO CHIPS – AROMA, TASTE & 
MOUTHFEEL 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for its individual 
attribute asked below. 
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 392 
How much do you like the aroma of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the taste of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the mouthfeel of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
 
PLEASE RINSE NOW: Rinse with warm water, carbonated water and then with room 
temperature water. 
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SPECIFIC ATTRIBUTE ACCEPTANCE OF REDUCED SODIUM POTATO CHIPS – AROMA, TASTE & 
MOUTHFEEL 
 
Instructions: 
1. Please taste the potato chip in the order presented and rate each sample for its individual 
attribute asked below. 
2. Check to ensure that the 3-digit code on the paper boat matches the one written below. 
3. Please rinse in the following manner before each sample: 
a. Rinse your mouth with warm water and expectorate. 
b. Rinse your mouth with carbonated water and expectorate. 
c. Rinse your mouth with room temperature water and expectorate. 
 
Sample Number: 863 
How much do you like the aroma of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the taste of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
How much do you like the mouthfeel of this sample? 
 
         
1 2 3 4 5 6 7 8 9 
Dislike 
extremely 
   Neither 
like nor 
dislike 
   Like 
extremely 
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Appendix K: Post-questionnaire for consumer test 
 
DEMOGRAPHICS QUESTIONNAIRE 
 
We want to ask you a few questions about yourself.  This information will help us 
compare opinions of people with different backgrounds.  All information is 
confidential and will not be identified with your name.  You may choose not to 
answer questions, if you wish, as your participation is voluntary. 
 
1. How old are you? 
 
 18-25 years old 
 
 26-35 years old 
 
 36-45 years old 
 
 46-55 years old 
 
 56-65 years old 
 
  Over 65 years old 
 
 
2. What is your gender? 
 
  Male 
 
  Female 
 
 
3. How do you describe yourself? (check all that apply) 
 
  American Indian or Alaska Native 
  
  Asian 
 
  Black or African American 
 
  Caucasian 
 
  Hispanic or Latino 
 
  Native Hawaiian or Other Pacific Islander 
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  Other:                                        
 
 
4. About how often do you consume any kind of potato chip? 
 
  More than 3 times a week 
  
  1-3 times a week 
 
  1-3 times a month 
 
  1-6 times a year 
 
  Never 
 
 
5. How important is saltiness to you when purchasing potato chips? 
 
  Very Important 
  
  Slightly Important 
 
  Neither Important nor Unimportant 
 
  Slightly Unimportant 
 
  Very Unimportant 
 
 
 
 
You have now completed the test. Thank you for your participation. 
Please bring this paper ballot with you and give it to the person at the front desk. 
 
 
 
 
